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1. iKTRODUCnON 

In Volume I we discussed the diseased plant and what disease is. 
In Volume II we shall discuss the antecedents of disease, liow disease 
originates, in short what causes disease. Cause is an abstract term, the 
derivation of which has been a slow and painful business in plant pathol* 
og>'. Even yet there are murky pockets in the concept. Tlic murlcincss 
has been worsened recently by the rise of a new and unfamiliar term, 
to incite. 

Otlicr difficulties confuse the issue. One of these is the fallacv* of 
confusing parasite with pathogen, parasitism with palhogcnism. Tlicn 
we have two other loosely used words, pathogenicity and pathogenesis. 
\ brief excursion or two into clx-mologj’ should serx'o to aid in under- 
standing the concepts. 
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The commonest booby trap in using Aese terms is to state very 
clearly that pathogenesis is the chain of ‘ 

parasitism is the ability of an organism to procure food from the host, 
and then proceed to use them almost interchangeably 

II What Is Ttn; Pathogen? 

The significance of the word pathogen can bo worhed out from its 
two parts It derives from two Greek words, pathos meaning suBermg, 
and genesis origin Genesis in turn derives from the Greek word, 
gtgnomm, to be bom An agency that gives birth to or generates suffer- 
ing IS a pathogen 

As we have said in the definition of disease, a pathogen is constantly 
associated with disease m the typical case 

A pathogen is an irritant It seems to us that the word irritant should 
en]oy a wider usage m plant pathology Its use m our language of plant 
pathology will serve to suggest the more or less continuous operation of 
the pathogen B M Duggar, in a perspicacious analysis of plant pa- 
thology for Volume I of Phyiopathohgtj (1911), proposed that ‘The 
basis of the whole science of phnt pathology rests upon the foundation 
stone of cellular irritability” His conception boars close inspection 
because it says that disease strikes at one of the very fundamentals of 
life, initability Disease as we have said, is a process A pathogen is the 
irritant that keeps it going that stokes the fires 

Parasite the second half of the pathogen parasite couplet will be 
discussed later under the coexistence problem of pathogen and host 
Suffice it to say here that pathogen ind parasite cannot be equated as 
they often are 

Wo are unable to trace very clearly the history of the term pathogen 
m plant pathology We cannot find it in Ward’s masterful treatment of 
plant pathology published in 1901 It is not mentioned in Duggar's book 
in 1900, nor in a 3 paper symposium in Volume I of "'Phutopathology** 
published in 1911 

Tho first use of the term we can find is m Whetzel's book on the 
History of Flint Pathology published m 1918 The word did not appear 
in nijlopalhologtj until 1921 In his Cornell lectures tor 1925, Whetzel 
siys that the word was of recent introduction and was derived from 
Human pilhology It seems prohible thit Whetzel, with his fiair for new 
wortls, introduced it some time between 1911 and 1915, probably m his 
lecturo course His student, Giossenhacher (1915), used pathogenic but 
not pithogen in a piper in 1915 “ 

fl'st Whetzel so spelled it. 
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Phytopathology dropped the final e in 1932 and has spelled it 
pathogen ever since. 


III. IVhat Is Pathogenesis? 

Because a pathogen is an agency that generates suffering in the 
plant, pathogenesis is the process of generating suffering. Pathogenesis is 
the chain of events in the casualty of disease. It includes the action of 
the pathogen, the susceptibility of the host, and the impact of ancillary 
factors. 

That quality, that property, that ability of a pathogen to generate 
disease is pathogenicity. This is an abstract term that carries no implica- 
tion of how disease is caused. We are unable to find any substantive 
difference bet^veen pathogenism and pathogenicity and we conclude that 
they are synonyms. 

IV. The Kinds Of Pathogens 

The agencies that generate suffering are numerous and they are 
diverse. One is tempted to say widi Stakman and Harrar (1957) that 
pathogens are animate and inanimate. This is a simple understandable 
distinction but it leaves the viruses hanging. Viruses, as usual, lie in the 
twilight zone behveen. In any pair of categories, we have the yeses, 
the noes, and the maybes. The viruses are the maybes. Therefore, sup- 
pose we give them a class of their own and say animate pathogens, 
inanimate pathogens, and viruses. 

According to Whetzel’s lecture notes, the word pathogen was bor- 
rowed from our medical colleagues to signify animate pathogens, 
especially lower order organisms like fungi and bacteria. This idea was 
a worthy one and it filled an important need in the language of the 
mycologists and other microbiologists during their heyday at the fore- 
front of the science of plant pathology. 

The word pathogen is a more comprehensive term than that, how- 
ever, and its very origin enables it to cover a wider range of things than 
microorganisms. If a pathogen is an agent that generates suffering, we 
are mentally myopic if we continue to limit it to microbial agents that 
generate disease. We hope that the word will expand to the limit of its 
denotation — that it will be a generic term to cover all agencies that 
generate disease by continuous irritation. 

A. Animate Pathogens 

The animate pathogens need little discussion. They have been at the 
forefront of plant pathology for scores of years. The animate pathogens 
are usually microbial, but many diseases are caused by small animals 
such as nematodes, arachnids, and insects. 
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An insect is an animate pathogen and, on that account, insects have 
been recognized the longest. Theophrastus (see Whetzel, 1918) wrote 
about the insects that cause plant disease. Insect pathogens to this day 
are generally included in plant pathology in Europe but seldom or 
never in the United States. 

This is one of those unfortunate cases of bad leadership at the time 
when plant pathology departments were set up. Farlow introduced plant 
pathology to America about 1875, and first taught it. He was a my- 
cologist and emphasized mycology. lie left tlie insects and arachnids to 
the entomologists. They have handled the subject reasonably well, but 
they are zoologists first and plant pathologists last. The pathological 
processes that insects and aradmids bring about arc treated only oc- 
casionally by the entomologists. 

Even to tbis day the insect-induced diseases seem to fall between the 
two stools of entomology and mycology. We believe that research on the 
water deficiency brought on by red spiders would be illuminating. 
Entomologists are unlikely to study it. This would repay study especially 
if made in conjunction with the effects of powdery mildew fungi on the 
water economy of tissues. 

The galls caused by insects could stand a vast amount of additional 
research especially in relation to crown gall, cedar gall, and the like. 
Aphids and leaf hoppeis produce serious leaf diseases with attendant 
effects on starvation of the tissues. The field is wide and almost un- 
touched. 

In thus drawing attention to insects as pathogens, we do not wish 
to imply, however, that all insects that feed on plants necessarily produce 
disease. The Japanese beetle very badly injures a rose blossom and the 
Mexican bean beetle injures the bean leaf. These are injuries by our 
definition in Volume I, because the causal factor tends to be transient 
and the host quickly recovers as from other wounds. 

The nematode as a pathogen is philosophically fascinating. In general, 
the mycologically minded plant pathologists refused at first to include 
such small animals as nematodes within their purview. After all they are 
not fungi. Similarly, the entomologists eschewed them also. Eventually, 
as mycology lost some of its grip on plant pathology, the nematodes came 
to be considered as the responsibility of plant pathologists A few 
universities by now have set up departments of nematology. Whether 
this is a sound move or not seems uncertain as yet. 

The suffering to the plant that nematodes cause is likely to be 
neglected in nematology departments if for no other reason than that 
a poker hand is what you call it. If the department is labeled nematology, 
it will study round worms and will deemphasize the diseased host. The 
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members of the department arc Jikely to neglect the pathology, in the 
same way tliat mycologists, bacteriologists, and entomologists have. 

The microbial pathogens play the leading role in pathogenesis. 
Fungi probably produce more plant diseases than all the rest together. 
Bacteria also cause many plant diseases. 

B. Virus Pathogens 

The virus pathogens were investigated first by non-mycological plant 
patliologists. By now they have become so scientifically fascinating and 
so practically important that they arc finding their own place in the sun. 
Journals of virolog>' have been introduced. Eventually, we may come to 
have university' departments of virology. 

G. Inanimate Pathogens 

The idea of the inanimate patliogcn has slowly gained momentum 
in plant pathology. It seems to have reached print in the book of Stahmian 
and Harrar (1957). The idea scorns worth exploring here. 

Very soon after the germ thcor}' of plant disease was settled for plant 
pathology by Do Bary (1853), exceptions began to appear. Diseases 
were discovered for which no living germ could be found. More of tliese 
diseases have been described. Some were known long before the germ 
tlieory. In human medicine we have for example, scurvy, diabetes, and 
pellagra. In plant pathology wc have whiptail of cauliflower and apple 
scald as examples. 

These diseases have their causes just as surely as fire blight on apple 
or late blight on potato. The difference is that the causes are inanimate, 
not animate. Whiptail is now knoxvn to be due to a deficiency of molyb- 
denum in the soil, and apple scald is due to the gaseous products of 
respiration of the apple in cold storage. 

We believe that tlie word pathogen should be extended to cover 
these inanimate causes of disease. There may be those who will argue 
that a deficiency of molybdenum is not a pathogen. This is equivalent 
to saying that zero has no reality. Without it, mathematics would still be 
in the Dark Ages 

V. Proving Pathogenicity 

To prove the pathogenicity of a given irritant may be exceedingly 
difficult. Generally speaking, a disease is identified by its own special 
symptoms and these are reasonably constant in type and magnitude. 
This is called the symptom picture or syndrome. The diagnostician mfers 
the nature of the disease from the nature of the symptoms and guesses 
what pathogen is involved. If he suspects that a parasite is the pathogen, 
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An insect is an animate pathogen and, on that account, insects have 
been recognized the longest. Tlieoplirastus (see Whetzel, 1918) wrote 
about the insects that cause plant disease. Insect pathogens to this day 
are generally included in plant pathology in Europe but seldom or 
never in tlie United States. 

This is one of those unfortunate cases of bad leadership at the time 
when plant pathology departments were set up. Farlow introduced plant 
pathology to America about 1875, and first taught it. Ho was a my- 
cologist and emphasized mycology. He left tlic insects and arachnids to 
the entomologists. They have handled the subject reasonably well, but 
they are zoologists first and plant pathologists last. Tlie pathological 
processes that insects and arachnids bring about arc treated only oc- 
casionally by the entomologists. 

Even to this day the insect-induced diseases seem to fall between the 
two stools of entomology and mycology. We believe that research on the 
water deficiency brought on by red spiders would be illuminating. 
Entomologists are unlikely to study it. This would repay study especially 
if made in conjunction with the effects of powdery mildew fungi on the 
water economy of tissues. 

The galls caused by insects could stand a vast amount of additional 
research especially in relation to crown gall, cedar gall, and the like. 
Aphids and leaf hoppers produce serious leaf diseases with attendant 
effects on starvation of the tissues. The field is wide and almost un- 
touched. 

In thus drawing attention to insects as pathogens, we do not wish 
to imply, however, that all insects that feed on plants necessarily produce 
disease. The Japanese beetle very badly injures a rose blossom and the 
Mexican bean beetle injures the bean leaf. These are injuries by our 
definition in Volume I, because die causal factor tends to be transient 
and the host quickly recovers as from other wounds. 

The nematode as a pathogen is philosophically fascinating. In general, 
the mycologically minded plant pathologists refused at first to include 
such small animals as nematodes within their purview. After all they are 
not fungi. Similarly, the entomologists eschewed them also. Eventually, 
as mycology lost some of its grip on plant pathology, the nematodes came 
to be considered as the responsibility of plant pathologists. A few 
universities by now have set up departments of nematology. Whether 
this is a sound move or not seems uncertain as yet. 

The suffering to the plant that nematodes cause is likely to be 
neglected in nematology departments if for no other reason than that 
a poker hand is what you call it. If the department is labeled nematology, 
it will study round worms and will deemphasize the diseased host. The 
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members of the department arc likelv to neglect the pathology, in the 
same way that in>coIogists, bacteriologists, and entomologists ha\c 

TJio microbial patijogens plaj' llic leading role m pathogenesis 
Fungi probably produce more plant diseases than all the rest togellicr 
Bacteria also cause many plant diseases 

B Vtms Pathogens 

The vinis pathogens were investigated first by non-mycological plant 
pathologists By now’ tlicy lia\c become so scicntificallj’ fascinating and 
so practically important that they arc finding tbcir own place in the sun 
Journals of virology have been introduced C\cntually, we may come to 
have unucrsit)’ departments of virolog)' 

C Iimiumafc Pathogens 

The idea of tlie inanimate pathogen lias slowly gamed momentum 
m plant patholog>’ It seems to ha\c reached print m the book of Stakman 
and Harrar (1957). Tlic idea seems worth exploring here 

Very soon after the germ thcoia of plant disease was settled for plant 
patholog)’ by Dc Bar>’ (1853), exceptions began to appear Diseases 
were discovered for which no living germ could be found More of these 
diseases have been described Some were kmown long before tlic germ 
theory. In human medicine we have for example, scurvy, diabetes, and 
pellagra In plant pathology we have whiptail of cauhllower and apple 
scald as examples 

Tliese diseases have their causes just as surely as fire blight on apple 
or late blight on potato Tlic difference is that the causes are inanimate, 
not animate 'NVhiptail is now kmown to be due to a deficiency of molyb 
denum in the soil, and apple scald is due to the gaseous products of 
respiration of tlie apple m cold storage 

We believe that tlie word pathogen should be extended to cover 
these inanimate causes of disease There may be those who will argue 
that a deficiency of molybdenum is not a pathogen This is equivalent 
to saying that zero has no reality Without it, mathematics would still be 
m the Dark Ages 

V Proving Pathogenicity 

To prove the pathogenicitj’ of a given irritant may be exceedingly 
difficult Generally speaking, a disease is identified by its own special 
symptoms and these are reasonably constant in type and magnitude 
This IS called the symptom picture or syndrome The diagnostician mfers 
the nature of the disease from the nature of the symptoms and guesses 
what pathogen is mvolved If he suspects that a parasite is the pathogen 
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he examines the tissue macroscopically or microscopically for bacteria, 
fungus spores, fruiting bodies, mycelia, insects, arachnids, and nematodes. 
If he suspects tliat the pathogen is a mineral deficiency or excess, he 
runs leaf or soil analyses for the suspected element. 

If the suspected pathogen is invariably associated with the disease 
or with the symptom picture, he is reasonably sure ho is on tlic track. 
If possible, he cultures tlie suspected organism, notes its characteristics 
m pure culture, and inoculates it onto healthy hosts. If the original 
syndrome or symptom picture is reproduced, he is even better assured 
of the accuracy of his diagnosis. Finally, he recultures the organism. 
If the reculture is identical with tlie first, the diagnostician says he has 
fulfilled Koch’s rules of proof. 

Many pathogens, both animate and inanimate, cannot be subjected 
to all of Koch’s rules. Many living pathogens are difficult or impossible 
to put into pure culture. These include the rusts, many smuts, mildews, 
nematodes, even insects. Here one must skip the culturing part of the 
proof. One satisfies himself by transferring the organism from a diseased 
to a healthy host. He proves that the “disease is catching” by proving 
that the organism can move from host to host. Very often a reversal of 
this process is helpful in proof. Since a disease keeps going only by 
continuous irritation, removal of the irritant should arrest the disease. 
If so, this should be as good a proof of pathogenicity as applying the 
pathogen in the first place. As Allen shows in Chapter 15 of this volume, 
the pathogenicity of many nematodes has been proved by this device. 

Similarly, diseases due to mineral deficiencies and chronic diseases 
due to excesses of such substances as SOj and fluorides can be investi- 
gated and pathogenicity proved by adding or subtracting the suspected 
agent. 

One is impressed with the long history of the alleged pathogenicity 
of so-called toxins in plant diseases as discussed by Ludwig in Chapter 
9 of tliis volume. Dimond and Waggoner (1953) pointed out that few, 
if any, investigators have attempted to apply Koch’s rules of proof to 
toxins. Woolley et al. (1952) have done this with the toxin for the 
wildfire disease of tobacco. The proof is (a) constant association, (b) 
isolation and identification of the toxin from diseased lesions, (c). pro- 
duction of the toxin in culture, (d) production of typical symptoms on 
the pure compound, and (e) reduction of symptoms by therapy with 
a toxin antidote. One must take a dubious view of the pathogenicity 
of all alleged toxins until all or most of these steps have been taken. 

A. Impact of the Germ Theory on Disease Names 
When De Bary and Pasteur succeeded in showing that diseases are 
caused by pathogens, they opened a Pandora’s box of unprecise and 
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ungrammatical names. Their use contributes its bit to the dictum that 
science is untranslatable. 

Many diseases were named so long ago, so long before De Bary, that 
the origin of the names disappears into the limbo of the earliest lan- 
guages. Blight is so old tliat the lc.Yicographcrs throw up their Iiands. 
Blast, bunt, gall, rot, nist, and wilt can be traced to the old Saxon or 
Scandinavian roots. Scab derives from the Latin, to scratch. 

Diseases are named also by tlieir s>Tnptoms. From symptoms we get 
sucb disease names as fire, scald, scorch, witchcs*-broom, spot, and 
yellou’s. 

Sometimes basic words arc qualified to describe s>Tnptoms and we 
get names such as fire blight. We have deep scab, shallow scab, scurfy 
scab, and powdery scab. We also have red rust, black rust, orange rust, 
and yellow rust. 

We often call on the host in naming diseases. Tlie Iiost can be com- 
bined with one of the ancient old names, to give a name like tomato 
wilt, with a s>’mptom to give cabbage yellows, or with both to give 
fire blight of apple. We obtain still more names by using a part of the 
host to give us names such as root rot, leaf spot, or twig blight. 

Tlic combinations and permutations of all of these provide a fan- 
tastically large assortment of names but not enough. Tlie advent of the 
germ theory of disease explosively c.xpanded the need for new names. 
Most of the old words turned out to be too general. The wilt disease of 
tomato proved to be a conglomeration of at least four diseases. We in 
effect now had to name an enormous number of host-pathogen com- 
binations. This was forced upon us. We had to name them or we would 
flounder in confusion. Curiously, in our cIForts to avoid confusion, we 
have tended to add to it. 

We borrowed one useful device from our medical colleagues. We 
named some of the new diseases in honor of the discoverers. TTiis gave 
us Stewart’s wilt of com, for example. This was a good practice. It 
brought no confusion in its wake. And besides, it was good advertising! 

The practice, however, never really took hold and has been aban- 
doned. Instead, we fell into the easy, dangerous, and confusing habit of 
naming the new disease for the pathogen that causes it. 

At first this seemed so reasonable and wirkable under the principle 
that each disease has a specific casual agent It seemed so simple in the 
mid-nineteenth century for a mycologist to refer to the Phytophthora 
disease X)f potato, and to diseases collectively as fungus diseases. Like 
Humpty Dumpty, he knew what he meant even if he did do violence 
to die language. 

He did violence to the language because up to that time animal 
disease, tomato disease, silkworm disease meant a disease of animals. 
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tomatoes, or silkworm ” Fhytophthora disease really meant then disease 
o£ Phjtophthora Darpou\ discusses true fungus diseases in Chapter 13 
of Volume III 

Unwittingly, the mycologist had begun to paint his floor from tlie 
door toward the back He painted himself still farther into the corner by 
saying potato bUght {Phijtophthora mfestans) When he got this far, 
he was equating disease and patliogen witli all of its attendant dangers 
as already discussed in tlie Prologue of Volume I 

The confusion m this type of naming reaches a high point m the 
four wilt syndromes on tomato The four pathogens are Fusanuni 
oxysporium f lycopersici, Verttcillium albo atnim. Pseudomonas solaria- 
cearum, and Juglans nigrum We call the first and second rttsarium and 
Verticillium, wilt, respectively Tlie third we call bacterial wilt, and the 
last we try to sweep under the rug If we say walnut wilt or ]uglans 
wilt, we know that people will conclude that we are speakmg of a 
disease of the black walnut We have to say tomato wilt caused by the 
walnut 

Duggar (1909) must have sensed that mycologists were paintmg 
themselves into a comer, because he tried to bridge his way out by 
usmg the adjectival form He titled his book “Fungous diseases” of plants, 
not fungus diseases The suffix -ous means possessed of A petalous 
plant IS one that has petals A disease is possessed of no fungus A disease 
IS a process 

Others, on occasion, have attempted to bridge their way back to the 
door over the fresh pamt with another adjective, fungoid The suffix 
Old means to resemble No disease resembles a fungus and, hence, can- 
not be fungoid 

Perhaps, the best compromise is to use the suffix -al This means 
characterized by The latter usage has reached complete adoption for 
bacterial diseases and to some extent for viral diseases 

It seems fair to say that late blight of potato is characterized by 
Phytophthora mfestans This does not equate the pathogen with the 
fungus It does not say diat the disease has the nature of a fungus or 
resembles the fungus, only that it is characterized by it Koch’s postu 
lates say that the pathogen must be constantly associated with the dis 
ease If so, then the disease is characterized by the pathogen 

In tliat case we would have the foUowmg names fungal diseases of 
plants, fusarial diseases, phylophttioral diseases, bacterial diseases, and 
vu-al diseases 

B Naming Diseases Caused by Inanimate Pathogens 
Inanimate pathogens are very much more common than mycologists 
ever suspected What to name Aem? This problem has bedeviled plant 
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pathologists for a century. It has all of the same built-in problems as 
discussed above for naming diseases caused by living pathogens and it 
has other problems besides. 

The commonest name for this great group of diseases is “physiological 
disease.” This does make use of the -al suffix and it carries the con- 
notation that the disease is characterized by physiology, presumably by 
abnormal physiology. 

This term leaves something to be desired. Melchers (1915) clearly 
saw that physiological disease is a misnomer, because he said that “in 
truth all plant diseases are physiological phenomena” as Ward (1901) 
had so well said several years earlier. Melchers advocated the use of the 
term nonparasitic disease. The trouble with this term is that disease is 
a process, and a process can be neither parasitic nor nonparasitic. 
Melchers could have said nonparasitic pathogen. This is equivalent to 
oiu' term inanimate pathogen. 

We are unable to find a term that exactly covers the need. Noxal 
could apply to the diseases caused by poisons as for example the toxin 
from the walnut or the fumes from a smelter. Noxal could not apply to 
cracked stem of celery. 

Lacking a really suitable word, physiological disease will have to 
sufl5ce until a better one is coined. From an etymological point of view, 
physiologic disease would be preferable. Whetzel, in his lectures, ac- 
cepted the term and used physiogen to label the pathogen. 

VI. The Coexistence Problem in Disease 

Because most diseases derive from animate pathogens, one of the 
big problems of plant pathology is to understand the nature of the 
coexistence of the two organisms, host and pathogen. This is discussed 
by McNew in Chapter 2 of this volume. 

Coexistence for other organisms seems to have essentially all the 
basic problems of coexistence for people. At least the problems are 
closely analogous. Living together inevitably involves a certain amount 
of conflict which varies from the benign to the severe. 

A. Food Procurement Problems of the Pathogen 

The animate pathogen has problems of food procurement. Most 
animate pathogens have no chlorophyll, and hence, they must procure 
previously elaborated food. They may feed on dead organic matter and 
kill the host to get it, or tliey may be so finely adapted to their hosts, 
that the host hardly knows if is producing food for two. 

Parasitism is a word bandied about in plant pathology. It becomes 
a very useful word when it is used in the context of food procurement. 
Parasitism is the ability of the one organism to procure food from another. 
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I£ the host is damaged, thereby, then we say tliat tlie organism has a 
faculty for pathogenicity. It can generate disease. 

B. Grades of Commensalism 

The coexistence of two organisms is commensalism. This means 
dining together at the same table. The word comes from the Latin words 
com, together, and mensu, table. 

If the commensalism is cooperative and both contribute to the food 
supply, we have symbiosis. If one partner supplies all the food and the 
other contributes nothing, we have parasitism. If one produces damage 
while it feeds, we have pathogenism. 

At some admitted risk, the editors suggest the analogy of the mother- 
m-law who Kves commensaiiy with you. If she is invariably a nice, 
pleasant old lady who pays all her share and never complains about how 
you raise your children, you have symbiosis. If she is never in the way, 
but must depend upon you for food and shelter, you have parasitism. 
If she is constantly raismg hob in the family, you have pathogenism 
whether she pays her way or not. If she does pay her way, she is a 
pathogen but no parasite. If she does not pay her way, she is both a 
parasite and a pathogen. 

In the plant kingdom, we can find examples of all grades. The fungus 
and the alga of a lichen coexist symbioticaily. The LoUum fungus and 
the so-called virus of healthy potatoes coexist with their host parasitically, 
not pathogenically. A vine or Spanish moss coexist wiA a tree as 
pathogens but not as parasites. Root rot fungi are very close to this 
situation. They coexist generally as pathogens and not as parasites. They 
must kill the host before they can feed on it. Probably most organisms 
coexist with their hosts as both parasites and pathogens. 

VII. The Long Struggle to Establish Causality 

The story of the long, long struggle to establish the role of pathogens 
in the causality of disease is ever fascinating. It is the story of the slow 
clearing of some very muddy water. 

The abstract concept of disease was not difficult to derive and ancient 
men must have arrived at the distinction between disease and injury. 
An appreciation of cause and effect is also ancient. The tormenters of 
Socrates knew quite well that his death would follow die drinking of the 
hemlock tea. 

The struggle to establish causality for diseases dragged on over many 
centuries for several reasons. (I) It was difficult to distinguish the real 
cause for disease from the action of ancillary factors that also are in- 
volved. (2) The sequence of events was con^sing. This, to a consider- 
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able degree, is the ben and the egg dilemma Winch comes Rrst, the hen 
or the egg? A very basic problem was that the participants did not, 
probably could not, even know that they were confronted with the hen 
and the egg dilemma (3) This leads us to the third difficulty Most of 
the eggs m this dilemma were too small to be seen That is to say the 
fungi, the bacteria, the viruses, the minerals were too small to be sensed 
visually for many centuries 

A Action of Ancillary Factors 

The ancients, of course, searched for causes among the things cur 
rent in their environment The ancient Hebrew s and the Romans believed 
that an angry God visited diseases on a farmer’s crops as punishment for 
his sins 

Waggoner m Chapter 8 of Volume III points out that diseases are 
varied He says that weather is as common as, and more variable than 
sin and, hence, weather, especially bad weather, must be mvolved in 
plant disease 'Theophrastus, 23 centuries ago (see Whetzel, 1918), did 
not miss this obvious correlation Said old Theophrastus, ‘lands which 
are exposed to the wind and elevated are not liable to rust, or less so, 
while those that lie low and are not exposed to the wind are more so ’ 
In other words rust occurs m a "foggy bottom ” 

Now this was quite obvious also to the Irish in the wet, wet weather 
of 1845, 1846, and 1847 The blight disease on the potato was terrible and 
it, too, started first and was worst m the foggy bottoms The land was 
wet, soggy, and oozy, and the potato leaves were wet, soggy, and oozy, 
too Ergo, the weather must have produced the disease 

The troubJe with this argument, of course, is that disease is more 
variable than either weather or sm The causes must be as variable as 
as the diseases Otherwise, one runs out of causes before he runs out of 
diseases 

Another difficulty, of course, is that weather is variable enough to 
account for a few of the numerous diseases When the Bible scribe 
wrote that the East wind blasts the gram, he really meant just that 
This was the action of drought as a continuous irritant It was exag 
gerated by the excessive drying of the east wind off the desert 

Similarly, ‘wet feet” causes disease in plants, and so does excess 
acidity or alkalinity m the soil An excellent example of the latter is the 
head rot disease of cauliflower that occurred in the Catskill Mountains 
m the mid ’thirties An excessively high concentration of hydroxyl ions 
m the soil immobilized the boron Without boron, the phloem m the 
cauliflower plant was blackened and the head autolyzed into a shmy 
mass 
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B Tho FrobJcm of Sequence 

are responsible for plant disease. j 

Poisons are often volatile. Wo have knorvn “ “ 3 ,, „„d 

atoonds for centuries. Trtnothy Dw.ght, amateur ^ 

ershvhile president of Yale Univers.ty settled the v cat 

in 1796 (see Hedrick, 1933). Smd he, . . . [the > ^ a^pungent 
believed to blast [grain]. Its blossoms emit very “P-ously. a P 
effluvium, believed to be so acrimonious, as to injure . . . 
of grain.” This accounts for the harherry law m “ [rol of 

Th.® is the grandfather of all laws in America on it out.” 

pests, human, animal, and plant. “If thme eye offend thee, pluck 
And the barberry was offensive. Therefore, pluck it out. 


;:ni;7iu;t (iY 55 ) actually saw tW^^^ 

. . _C ..«,ienUtV. 


fungus and he actually inoculated the seed and e\peiimi^->“-v ^ uty 
a smutted crop. He was so imbued with the poison theory 0 
however, that he considered that the smut spores ate but tne e 

oE the poison. , _ .vas 

And similarly Morren (1844, see Johnson, 1935), the Belgia 
sure that potato blight results from the putrid smelling miasma (po 
arising from the dank soil in the diseased potato fields. 

By the middle of the last century. Darling, the mayor of New 
Connecticut, a lawyer, came closer than any of his fellows to de 
the abstract concept of causality. Of course, being a lawyer ne ’ 
perhaps, better versed in the rules of evidence than some of his bioiog 
confreres. 


ureres. .. 

His Honor, the Mayor (1845) was concerned about peach 7®^ ^ 
m his garden. He was impelled to the conclusion that it is caused / ^ 
poison. He was 50 years or more ahead of the biologists who 
about 1900 that such diseases as peach yellows are caused by 
enzymes” subsequently called viruses The pristine definition of 
is “poison.” In efiect. Darling said that peach yellows is caused by 
vims. 


It Envm F. Smith had read Darling’s paper, he could have si"'® 
lumselE many years of research on peach yellows. Darling said “when 
comes this poison, if it be such? I will hazard a conjecture that it > 
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derived from some unknown insect” Shades of Theobald Smith and 
M. B. Waitell 

Thus, tlie poison theory led on into viruses. It hindered somewhat tlie 
discovery of the causal role of microbes, however. 

Of course, the really critical discovery in the long, long road to a 
deep understanding of the nature of causality was the discovery of 
microbes by Leeuwenhoek in 16S3. This invention guaranteed the solu- 
tion of the major enigma of disease causation, the role of microbes. It 
was now only a matter of time. 

In 1725, 40 years after Leeuwenhoek, Professor Bradley of Cambridge 
University examined a smut ball from wheat. He saw minute black 
bodies. He inferred correctly that they were causal, but he considered 
that they were insect eggs. 

In 1807, Prevost used the same experimental designs and the same 
spores as Tillet but Prevost correctly inferred that the smut spores were 
causal. When he inoculated them to wheat seed, he recovered their 
progeny in tlie grains of the wheat that grew from the inoculated seed. 

To many biologists, Prevost had made a preposterous claim and it 
had to be subjected to “the team approach.” It had to be put on trial 
before a committee of the august French Academy of Sciences. "Im- 
possible,” they said. 

The trouble with the learned men was that they believed that the 
smut spores were excrescences from diseased tissues. Had not the great 
Zallinger (1773) said this so long ago as to give it the patina and 
authenticity of age? These things come after the disease, do they not? 
Ergo, they are caused by the disease. The academicians got the cart 
before the horse. 

Anton De Bary (1853) was not impressed with the committee action, 
not impressed with majority rule. He proceeded to inoculate wheat 
seed with smut fungus. He followed the mycelium up the plant and into 
the new seeds. Thus, he unhooked the horse from behind the cart and 
put it in front. He placed in proper order the sequence of events of 
causality. Microorganisms do, indeed, cause disease. They are not lile 
toadstools that arise from decaying vegetation. They are toadstools 
that cause the decay. 

This returns us to the hen and the egg dilemma. The fungus causes 
the disease, but on tlie other hand the disease precedes the fungus, too 
If you are a broiler producer, you heUeve that the egg comes before the 
chicken. If you produce eggs for the grocer, you believe that the chicken 
comes before the egg. 

The pathologist studies disease. To him the disease follows the 
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B. The Froblem of Sequence 

The cauliflower disease exemplifies llie problem of sequence in the 
eausality of disease. If one gels his “cart before his horse,” ho cannot 
move. 

Perhaps the first “break” in the long history oE the search for causality 
came with the suggestions that poisons are the continuous irritants that 
are responsible for plant disease. 

Poisons are often volatile. We have known about the oil of bitter 
almonds for centuries. Timothy Dwight, amateur plant pathologist, and 
erstwhile president of Yale University settled the wheat rust problem 
in 1796 (see Hedrick, 1933). Said he, "... [the barberry] is generally 
believed to blast [grain]. Its blossoms emit very copiously, a pungent 
effluvium, believed to be so acrimonious, as to injure . . . both kinds 
of grain.” This accounts for the barberry law in Connecticut in 1726. 
This is the grandfather of all laws in America on the public control of 
pests, human, animal, and plant. “If thine eye offend thee, pluck it out.” 
And the barberry was offensive. Therefore, pluck it out. 

In 1752, Tillet (1755) actually saw the spores of the wheat smut 
fungus and he actually inoculated the seed and experimentally produced 
a smutted crop. He was so imbued with the poison theory of causality, 
however, that he considered that the smut spores are but the carriers 
of the poison. 

And similarly Morren (1844, see Johnson, 1935), the Belgian, was 
sure that potato blight results from the putrid smelling miasma (poison) 
arising from the dank soil in the diseased potato fields. 

By the middle of the last century. Darling, the mayor of New Haven, 
Connecticut, a lawyer, came closer than any of his fellows to deducing 
the abstract concept of causality. Of course, being a lawyer he was, 
perhaps, better versed in the rules of evidence than some of his biological 
confreres 

His Honor, the Mayor (1845) was concerned about peach yellows 
in his garden. He was impelled to the conclusion that it is caused by a 
poison. He was 50 years or more ahead of the biologists who deduced 
about 1900 that such diseases as peach yellows are caused by "filterable 
en^es” subsequently called viruses. The pristine definition of virus 
is poison. In effect, Darling said that peach yellows is caused by a 
virus. 

If Erwin F. Smith had read Darlings paper, he could have saved 
himself many years of research on peach yellows. Darling said “whence 
comes this poison, if it be such? I will hazard a conjecture that it is 
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(Jones, 1914) “The relation o£ environment to the predisposition of the 
host, as to the virulence of the parasite cannot be overemphasized.” It 
has been the trademark of Wisconsin plant pathology, the subject of 
innumerable doctoral theses. 

Such a volume of work inevitably leads to changes in philosophy, 
perhaps to changes in the names for things. The Wisconsin weather work 
has led to the rise of a new word: a pathogen no longer causes a disease, 
it incites it. 

We and many other plant pathologists agree with Luttrell (1954) 
that the verb to incite is rmnecessary — ^that the old fashioned word, 
cause, is sufficient. 

Cause is a larger word than incite. The synonyms for cause are 
originate, occasion, give rise to, produce, bring to pass, create. 

Incite derives from the Latin root, cieo, to call. It means to call out, 
to investigate, stimulate, arouse, urge, step up, goad, inflame, kindle, 
or foment. This is clearly a subdivision of cause. To incite is to cause, 
but to cause is not to incite. Unfortunately, some pathologists use incite 

as a synonym of cause. „ c „ 

Webster’s new international Dictionary discusses cause as follows. 
‘When we scientifically state causes we are describing successive stages 
of a routine of experience; causation, says John Stuart Mill, is uniform 
antecedence, and this definiUon is perfectly in accord with the scientific 


conrepLant ^ science, then diseases are caused and not 

fomented, encouraged, aroused, goaded, or ’"cited , . , , 

The sense of incite is to get something started. That is probably why 
it is most commonly used in the sense of “to incite to riot." One incites 
a mob to riot. A riot is something that feeds on itself. In fact the inciter 
may even try to stop a riot that he has incited. He usually fails simply 
because a riot is self-perpetuating. The inciter of a not can even be killed 

in the incitement without affecting the course of the not. 

Diseases are not self-perpetuating On y the pathogen is On that 
account diseases cannot be triggered, kindled, or mcited. In fact, if the 
pathogen that causes a disease is removed, the disease stops progressing 
The only disease we know that is incited is ^rvn gall. Once die gall 
is going, the bacteria can be removed by heat. The gall goes on ,ust the 

same. It has been incited. . t ^ 

Weather is indeed a factor in pathogenesis. Late bhght of potato i 
very closely geared to the weather. The night of mfecbon must be coo 
and humid ^e day follmving must be warm. Unless the weather is 
favorable one can inoculate potatoes every night ™th sporangia of 
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pathogen and is caused by it This view enables him to control disease 
He has controlled more disease m the hundred odd years o£ the germ 
theory than m the million odd years of the sm, weather, and poison 
theories 

Thus, the chain of casuality was finally established, fungus-^ 
disease fungus disease 

We then knew why disease was said to be ‘catching " It is the fungus 
that is ‘catchmg” The fungus is what moves Everything now fell into 
pattern the barberry enigma for wheat rust, the wet miasma for potato 
blight 

The establishment of bacteria as casual agents followed shortly on 
the heels of the discovery of the oil immersion lens for the microscope 
m 1844 We now had three pomts in a size scale of organisms that cause 
disease msects, fungi, bacteria There must be still smaller ones These 
were soon discovered and called viruses They were not actually seen 
until some 40 years after they were postulated, however Their visual 
observation had to await an advance m physical technology, the electron 
microscope 

All of this was very satisfying It removed the mysticism from disease 
It simplified the conceptual schemes It gave the practical man a pro 
cedurc for practical control He had to aim his guns at the casual agent, 
at the pathogen 

Moreover, m plant pathology it gave the mycologists a perch from 
which they have directed the destinies of plant pathology for nigh onto 
100 years An astonishing number of authors m this treatise, more or 
less unconsciously, used in their first drafts the word parasite to mean 
pathogen This has two causes (a) it is a carryover from the mycological 
era, and (b) the vast majority of plant parasitic microbes are pathogens 

C The Hecurnng Conflict with the Weather 
By 1915, the animate pathogens had been pretty well described and 
ambitious plant pathologists began to look for progress elsewhere One 
of these was L R Jones Jones spent his scientific manhood m the rigor 
ous climate of Vermont where the weather is highly important The 
weather can freeze a man to death m the wmter If the frost comes too 
late m the spring or too early m the autumn, a farmer could be rumed 
^Vllen Jones went west to Wisconsin to grow up with the country’ 
he decided that he must investigate the effect of weather on plant 
disease 

Shortly after he established the department at Wisconsm, he was 
elected president of the Botanical Society of America and he wrote 
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We have devoted six chapters to pathogenicity These are six chapters 
on the ability of tlie organism to cause disease Five of these are straight 
foiAvard The first two, mechanical ability to breach host barriers and 
chemical ability to breach host barriers, are the opposite numbers from 
the two m Volume I on mechanical and chemical defenses of the host 
The similarities and contrasts here are mterestmg 

The pathogenicity of toxins is discussed in Chapter 9, strains of the 
pathogen in Chapter 10, and genetics of pathogenicity in Chapter 11 
Only Chapter 8 fails to fit smoothly into this scheme It deals with 
soil organisms, the roots, and the mteraction m the rhizosphere At first 
we had no such cliapter, but several advisors recommended it because 
it IS a fascmatmg field and the phenomena are slightly different from 
those for abovegroimd diseases 

It does, however, mevitably mvolve some overlap We hope that the 
stimulating presentation will compensate for this 

The four chapters on mhibiting the pathogen are straightforward 
They concern themselves with mhibition of vmises, fungi, and nema 
todes Again msects and arachnids are neglected for the sake of con 
venience Fungicides are treated m two chapters — one from the point of 
View of the chemist, the other from the point of view of the fungus 
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?hytophthora infestans and no disease will result. Once inoculation is 
successful and infection begins, however, weather plays no signiBcant 
role as long as it remains within the growth range of the potato. 

In this case, then, weather, not the fungus, incites tlie disease. lie- 
move the special weather; the disease continues. Remove the pathogen; 
it stops. 

The pathogen is the basic cause. It must be there. As we have said, 
the pathogen characterizes the disease. The weather does not. The 
pathogens are as numerous as die diseases. The weather variations are 
not. 

Occasionally, of course, as in drought, weather can also be the patho- 
gen and in that case weather is die cause of disease. Usually, it is not. 

VIII. The Organization or Volume II 
Having discussed the basic design of Volume 11, having attempted to 
put the pathogen in its proper perspective, perhaps a few words are in 
order on the details. 

The volume is really divided into two basic sections, parasitism and 
pathogenism as defined earlier. We have assigned only one chapter to 
parasitism. It is devoted to the nature, origin, and evolution of parasitism. 
McNew treats it from the point of view that increasing refinement of 
parasitism is essentially matched by a concomitant reduction in patho- 
genism. A highly pathogenic organism like Pythium ultimum or Erwinia 
cartooora promptly slays its host and lives on the carcass. This is not a 
very high level of parasitism. The rusts and smuts, however, have become 
very sophisticated parasites. They keep their hosts alive as long as pos- 
sible. They do not “kill the goose that lays the golden egg.” 

The rest of the volume deals with pathogenicity, the ability of the 
parasite to produce diseases. Seldom is the word parasite used, however, 
in the text, because we are writing a treatise on plant pathology not on 
parasitism. Our treatise deals with the generation of disease in plants, 
not with the physiology of the food gathering process by a parasite. 

We deal with the pathogen in three sections: reproduction, the nature 
of pathogenicity, and the mechanisms of inhibiting the pathogen. 

The section on reproduction contains chapters on the prime patho- 
gens, viruses, bacteria, fungi. It also contains a chapter on spore germina- 
tion, primarily because of the richness of data in this field and its 
importance to practical plant pathology. No chapter deals directly with 
reproduction in nematodes because the information is meager as yet. 
Allen covers this subject in Chapter 15. Similarly, there is no chapter 
on reproduction in insects and arachnids. This is covered in texts on 
entomology. 
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gardless of whether it is living or inanimate. 
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at its host’s expense without contributing much, if anything, in return. 
The arbitrary removal of water, mineral elements, or synthesized food 
from the, metabolic pool of the host usually will prove detrimental to 
its further development, so parasitism in most plants automatically leads 
to pathogenesis. 

For/^example, the mistletoe of ponderosa pine is a pathogen even 
though^it is fully capable of synthesizing its own foodstuffs. It creates 
disease f by interfering with movement of minerals and nutrients to the 
foliage fand possibly by adding injurious materials to the tissues of the 
pine trie. 

Many parasitic establishments do not become pathogenic if the 
parasite compensates for the damage done by its presence. The my- 
corrhizal fungus certainly is a parasite on the root of trees but it may be 
relatively noninjurious or even may be beneficial in some soils by ( 
increasing the absorbing area of the root so as to expedite uptake of ^ 
mineral nutrients from the soil (Burges, 1936; Hatch, 1937; Funke, 1942). 

By strict definition this is a commensal association rather than parasitism 
since the invader contributes to the welfare of its host. 

There may be other auxiliary benefits from parasitism that completely 
compensate for the damage done to the host. The legume nodule bac-\^ 
terium {Rhizobium leguminosarum) causes a disease reaction in the \ 
nature of a proliferating gall which undoubtedly diverts foodstuSs from 
normal cell metabolism and orderly growth. However, the extra atmos- 
pheric nitrogen fixed by the nominally parasitic bacteria eventually 
proves to be so beneficial to host development that the relationship 
must be considered to be a mutually beneficial symbiosis or commensal- 
ism of bacterium and higher plant. 

It follows that the symbiosis between the bacterium and its host is 
more likely to be beneficial to a legume growing in a nitrogen-deficient 
soil than in one supplied with adequate amounts of nitrogen. As a 
matter of fact, if soil nitrogen were present in optimum supply for growth 
of the legume throughout the season, it is conceivable that the nodule 
bacteria might be considered as a gall fonning, pathogenic parasite 
rather than as a commensal symbiont. 

These brief e.xamples illustrate the basic facts regarding pathogenesis. 

Plant diseases so caused are the product of an interplay beriveen the 
metabolism of the plant, physiolog>' of tlie parasite or other S}7nbiont, 
and the environment. In a few exceptional associations, there can be 
parasitism without severe pathogenesis, and disease induction without 
parasitism. Parasitism usually is an attack on organic food rcsen'cs by 
a chlorophyll-deficient form of plant life but it certainly is not restricted 
to these primitive forms of life or tliis one class of nutrients. Tlie intcnsit>' 
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The living pathogens have been of much more concern to plant 
pathology tlian the inanimate ones because of their ability to multiply 
and create epidemics. Most of the living pathogens arc parasitic because 
they invade one or more plant tissues to procure food but parasitism 
is not a prerequisite to pathogenicity. As a matter of fact the processes 
of parasitism and pathogenicity in an organism often are entirely dif- 
ferent and specialization for one attribute is often made at the expense 
of the other. 

I. Interrelationship or Parasitism and Pathogenicity 
The interrelationship of parasitism and pathogenicity can best be 
interpreted by considering the pathogen and the injured plant in a 
disease association as symbionts. In the classical sense employed by 
De Bary (1879), there is symbiosis whenever two organisms occupy the 
same habitat. In a few unique associations the symbionts are mutually 
independent and nonresponsive to each other but usually they affect 
each others development The physical contact of symbionts ranges 
from disjunctive to fully conjunctive and their effects upon each other 
vary from mutual or unilateral antagonism to synergism. The following 
illustrations of unilateral, antagonistic symbiosis will serve to define the 
range of pathogenic processes. 

Very few, if any, organisms can occupy the same habitat as another 
without influencing its growth. For example, the sugar beet inhibits the 
germination of seed of peppergrass in its immediate vicinity presumably 
because of the toxic materials it secretes such as p-hydroxybenzoic acid, 
vanillic acid, ferulic acid, and p-coumaric acid (Massart, 1957). 

The soil sickness resulting from the growth of wheat, rye, and other 
crops is caused by picolinic acid and other chemicals in the soil (Schrei- 
ner and Sullivan, 1909). The glycosides and phenolic substances from 
an apple or peach root (Patrick, 1955) prevent replanting of younger 
^ees in an old orchard. Juglone and its trihydroxy naphthalene analog 
from roots of the black walnut tree poisons the soil for many other forms 
of plant life such as tomato and cabbage which become chlorotic and die 
( as^y, 1925). Such plants cause disease in other plants and, hence, 
must be considered as pathogens even though they do no more than foul 
the environment with by-products of their metabolism. This is patho- 
genesis by independent association of two subjects, but it is not 
parasitism. 

Most pathogens, however, have a much more intimate relation with 
the infected plant based upon a nutritional affiliation in which one serves 
as the host to the pwasitie endeavor of the other. A plant parasite is any 
form of animal or plant life that invades a plant and multiplies or grows 
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C. The Six Major Processes Affected 

Attention may be directed more profitably to the activities of the 
host as a basis of understanding disease processes because the basic 
knowledge on the physiology of higher plants is fairly well understood. 
It revolves around the synthesis, transport, use and/or storage of food 
materials, and die auxiliary services thereto. In its simplest terms, the 
chronological sequence of events in the six major processes is as follows: 
(1) A food reserve consisting primarily of energy sources in carbo- 
hydrates or lipids and secondarily in nitrogenous materials is used to 
nourish the embryonic tissues of seed, tuber, root, or bud after the 
dormant period. (2) Juvenile tissues that are dependent upon these 
reserves develop as seedlings or shoots. (3) Roots are established to 
procure water and mineral elements essential to growth, photosynthesis, 
and protein metabolism. (4) The nutrients and water supph'es are 
transported to the leaves and growing points through the tracheal tubes. 
(5) The green leaves assimilate a new supply of carbohydrates by 
photosynthesis so the young plant becomes independent of the food 
reserve. (6) The products of photosynthesis are transported to the area 
of cell utilization where they are incorporated into new tissues or else 
are stored in seeds, buds, roots, or stems. 

Thus, there are six vital steps in the life of the host, six vital proc- 
esses. In this chapter we shall refer often to these six vital processes 
and the diseases thereof. Any one of the six may be inj’ured or even 
wholly blocked by a pathogen. 

If any one of the processes is brought to a stop, the plant succumbs 
but this is the exception rather than the rule. Ordinarily, the function 
is injured but not destroyed so only the cfficienc)' of the plant is affected. 

A major objective of plant pathology is to learn how these processes are 
injured and to design methods of preventing or circumventing that 
injury. Tlic science, therefore, has as its applied objective the conserva- 
tion of foodstuffs and the promotion of maximum efilcicnc)' in their 
sjTithesis and utilization by the plant. 

If the pathogens that disrupt each of these six processes are grouped 
togotlicr irrespective of their taxonomic derivation, a surprising degree 
of order is obtained. The ones in class 1 tliat do no more than attack 
and destroy food reserv’es arc good pathogens but very’ poorly developed 
parasites. Tlicy are essentially opportunistic saprophytes. Likewise, the 
soil s.iprophytcs that attack seedlings (class 2) and roots (class 3) are 
good pathogens and relatively poor parasites. Tlicy become harmful only 
when conditions handicap the host so as to keep it in a susceptible 
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oE the disease reaction will be determined by the physiological balance 
existing between the two symbionts as mediated by the environmental 
forces operating upon their symbiosis. 

II. The Physiology or pA’niocENncmr 

In one broad sense, plant pathology is an aspect of plant ecology. 
Like all other ecological sciences, it must turn to physiology and bio- 
chemistry for the ultimate answers as to why plant societies behave as 
they do. However, a plant disease is something more than the sum total 
of the physiology of the host and the pathogen. It is the physiology of 
a symbiotic state in which the biochemical activities of pathogen and 
host are completely consolidated. 

A. Appropriation of Nutrients by Pathogen 

There are considerable data on the physiology of tlie fungi (Foster, 
1939, 1949, Wolf and Wolf, 1947) and bacteria (Dowson, 1957) that 
cause plant diseases. Unfortunately, however, there are all too few data 
on the biochemistry of their parasitic activities and pathogenic capa- 
bilities while in the host (Gaumann, 1950; Allen, 1954; Lilly and Barnett, 
1951). The measure of their parasitic activity should be ability to remove 
different classes of foodstuffs from the host. 

B. Toxin Formation by Pathogen 

The loss of food materials undoubtedly constitutes a drain on the 
metabolic activities of the host and leads to inefficiency in its growth 
and reproduction. However, most parasitized plants are damaged much 
more than would be expected from the drain on their metabolism in 
supplying nourishment to die invader. This comes from increased 
respiratory activity of the invaded tissues, disintegration or collapse of 
the adjacent tissues, and various physiological stimuli that cause wilting, 
cell proliferation, cell elongation, abscission of leaves, and degeneration 
of chlorophyll. 

These effects are the results of the extracellular materials secreted by 
the pathogen or incited to production by the infected cell. Gaumann 
(1954) refers to these materials as toxins but they could be appropriately 
subdivided into more specific classes such as extracellular enzymes, 
auxins, wilt toxins, and cell stimulants Those materials that regulate 
disease processes are attracting more attention but there is not enough 
known about them to permit the classification of disease according to 
the physiology of the pathogens. 
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these abnormal processes may not be visible directly to the eye o£ the 
diagnostician 

A Interference with the Six Vital Processes 

The interference with the six vital processes of the host mentioned 
in the preceding section leads to six classes of pathogenesis It is well 
to examine the nature of the pathogens and the six classes of disease 
they cause before proceeding to other considerations 

1. Destruction of Food Reserves 

The pathogens that attack storage organs and organic material cause 
seed decay, timber rots, soft rot of vegetables, and fruit breakdown (see 
also Chapter 5 of Volume I) Most of the fungi and bacteria involved are 
very poor parasites and ordinarily live as saprophytes upon decaying 
organic matter Most of them are habitual soil mhabitors where organic 
matter provides carbohydrates and cellulosic materiah but some are 
primarily aenal m habitat 

With very few exceptions their parasitic capabilities are limited to 
invasion of the storage organ through a wound or other unprotected 
tissue Once inside the host tissue, they digest starches and cellulose by 
virtue of ability to secrete amylases and cellulase In addition, many of 
them have ability to break down plant tissues by use of protopectinase 
and pectmase (Thomberry, 1938) as was first demonstrated for Erwinta 
carotovora by Jones ( 1909 ) 

Among the typical examples of this class are the soft rots of vegetable 
caused by Erwinia carotovora, mold of drupe fruits caused by Rhtzopus 
nigricans, soft rot of potato caused by Erwinia atroseptica, storage rot 
of lily bulbs caused by Rhtzopus necans and dry rots of woody plants 
In each of these, the host tissue is destroyed as a general cortical necrosis 
As each cell succumbs it provides food to the parasite for further aggres 
Sion The host is essentially inert and does not respond to the aggression 
to any appreciable extent These are potent pathogens but poorly devel 
oped parasites 

2 Prevention of Seedling Metabolism 

The seedlmg blights are likewise caused by general soil saprophytes 
Sometimes a parasite that attacks the seed will also invade the radicle 
or epicotyl through the wounds created by the emergence of adventitious 
or secondary roots The pathogens on seedlings are one step more 
advanced parasites than the soft rot agents, since they do iniade a 
rapidly growing, metabolically active tissue As a rule, they are aggres 
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State. The vascular or wilt parasites in class 4 are facultative parasites 
with very definite parasitic specialization. 

Some of the leaf invaders of class 5 in the Fungi Imperfecti are only 
slightly better parasites but a high state of parasitism is attained by 
some, such as the downy mildews. The powdery mildews and rusts are 
obligate parasites on foliage. Tliey have lost all capability for an alternate 
existence as a saprophyte and have become so dependent upon ^e 
host’s physiology that parasitic races are necessary for their survival. Tlie 
pathogens in class 6 that have come to reside inside the host cells and 
regulate cell activities in the metabolism of proteins, cell division, and 
cell differentiation show an appreciable degree of commensalism regard- 
less of whether they are obligate or facultative parasites. 

Here, then, is a system for organizing the types of pathogenesis. 
It is based on disruption of physiological processes of the host. There is 
enough order and logic to this to warrant its further study. By so organ- 
izing the knowledge on plant diseases into an integrated system depend- 
ing upon function, certain natural laws of pathogenesis can be evolved 
that are valuable in guiding research into fruitful channels and in 
organizing knowledge so it can be learned from principles rather than 
by rote. 

The basic tenets of this system are that: disease is an abnormal 
physiological process in plants; the physiological processes are constantly 
in a state of flux, there is an orderly progression of parasitism depending 
upon which function of the host is under attack; and the system is 
natural enough to permit development of some general laws and prin- 
ciples for understanding disease and its control. Various aspects of these 
concepts are examined m the following sections. 

III. The Natural Processes of Pathogenesis 
A plant is diseased whenever its normal functions are impaired so it 
cannot operate at maximum eEBciency under prevailing environmental 
conditions. Inefficiency (i.e, disease) comes from the loss of an organ, 
destruction of food reserves, impairment of essential functions such as 
photosynthesis and translocation of foodstuffs, or abnormal utilization 
that results in abnormal growth. For example, the abscission of a leaf 
attacked by a blight organism or the severance of roots by a rot organism 
destroys the normal balance between the water-supplying and food- 
synthesizing capacity of a plant. As soon as one is destroyed, the other 
cannot operate at maximum capacity so there is a loss of efficiency. 

Disease is a physiological process regardless of whether a tissue is 
decayed or not. The blocking of photosynthesis, interference with trans- 
location or induction of abnormal cell respiration is disease even though 
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quickly become susceptible as the sugar concentration declines during 
the period of rapid growth. It then seems to be resistant again in the 
advanced stages of its development (Blank, 1940) as sugar concentra- 
tion increases sufficiently to affect the rhizosphere population. 

In any evolutionary scheme, the root pathogens might be classified 
as the first strongly aggressive plant invaders. They include such destruc- 
tive fungi as the species of Pythium on sugar cane, maize, and wheat, 
Aphanomtjces spp. on sugar beets and peas; Fusarium spp. on pea, bean, 
and other crops; and Ophiobolus graminis on wheat. The ones of these 
that are natural soil inhabitants are difficult to avoid and are chronically 
destructive but the soil invaders that are poorly adapted to survival 
apart from their hosts in competition with other microorganisms (Rein- 
king and Manns, 1933, 1934, Garrett, 1944, p. 13) may be avoided by 
proper treatment of the soil to favor their antagonists (King, 1940, Hilde- 
brand and West, 1941 ) . 

The root rot organisms are poorly specialized parasites even though 
some have become adjusted to the rhizosphere environment and thrive 
best on or in roots. They are general cortical invaders with very little 
specialization in preference of tissue. The host has very poorly developed 
resistance. Most of the resistance exploited agronomically is in the nature 
of disease-escaping tactics where a particular variety has ability to 
develop new roots to replace those destroyed by the pathogen or has 
a favorable seasonal development that avoids the infection period. , n 

4. Interference with Upward Transport 

The vascular diseases or wilt diseases interfere with upward move- 
ment of water and mineral nutrients. They are caused by xylem para- 
sites (see also Chapter 9 of Volume I). Some of them live in soil and 
have habits similar to those of the root rot fungi. They invade directly 
through root hairs or natural wounds, Ir^erse the cortical tissues and 
become established inlhe tracheal lubes. Although they are only faculta- 
tive parasites, they show a much higher order of specialization than the 
root rots in their preference of^specific tissue and for certain varieties 
of crops. They niay also be considered more highly specialized because 
tEeT^cal "disease^s^ptoms are induced by response of the host to 
special causative chemicals. 

Two classes of wilt organisms have to be considered, the soil-borne 
and the insect-borne. Many of them such as the Fusarium spp on cab- 
bage, cotton, tomato, watermelon, and banana are normal s oil in habitants. 
Others, such as the bacterial wilts of maize caused by Bacterium stcw- 
artii and of cucumber caused by Erwinia tracheiphiJa and the fungal 
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sive in juvenile tissue but may be restricted as soon as the adjacent tissue 
begins to achieve more mature differentiation. 

Among the pathogens in tliis class arc such common damping-off 
and seedling blight fungi as Pythium tiUimum, Pythium debaryanum, 
Rhizoctonia solani, and Dipladia zeae. It should be noted that the latter 
two also can attack more mature plants. D. zcae is very aggressive on 
the seedling and often becomes established in the root crown of the 
corn plant where it remains relatively inactive until the plant is past its 
prime period of growth. The patliogcn spreads aggressively again after 
the corn plant reaches maturity and begins to enter into senility. 

3. Interference with Procurement 

The root rotting diseases are caused by a wide variety of fungi and 
bacteria that are capable of either colonizing and enduring in soil or of 
invading it temporarily. They show some advance in parasitism over 
seedling pathogens since they can invade well-formed roots through 
hgnified, mature tissue. Still, most of them arc poorly specialized as plant 
parasites but they are quite aggressive pathogens. The routes of invasion 
are usually through wounds created by emergence of secondary roots, 
abrasion with soil particles, nematode penetration, or feeding of insects. 
However, some of them such as the cause of black root rot of tobacco, 
Thlelaoiopsis basicola^ will form mycelial mats on the surface of the root 
and force a penetration directly through the epidermal wall by an infec- 
tion peg that secretes enzymes or exerts direct pressure. Roots may be 
preconditioned to invasion by excess moisture or nutrient conditions such 
as are found in the brown root rot of wheat (Vanterpool, 1940). Appar- 
ently under anaerobic conditions during prolonged heavy rainfall, an 
accumulation of salicylic aldehyde predisposes the root to invasion by 
the fungus (Graham and Greenberg, 1939). 

Many other factors in the rhizosphere influence the transition of the 
soil saprophyte into a pathogen. Apparently the organisms are stimu- 
lated to grow along the diffusion gradient of carbohydrates from roots. 
The mycelium grows more rapidly toward the source of food supply in 
the roots. However, the exudates from some roots, such as those from 
varieties of peas resistant to Fusarium oxysporum f. pisi, may be toxic 
to the pathogen and prevent its reaching the site of invasion (Buxton, 
1957). Even the carbohydrates secreted by a root may encourage the 
growth of antagonistic soil saprophytes such as those that protect the 
cotton root from invasion by Ozonium omnivorum (Eaton et at, 1947). 
pie roots of cotton seedlings appear to be quite resistant to invasion 
because of the substantial amounts of carbohydrates in the roots, but 
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leaf blade, which may become very extensive in some diseases such as 
late blight of potato, caused by Phytophthora mfestans In many other 
diseases, the damage is entirely out of proportion to the amount of 
necrosis because plants are defoliated by abscission inducmg substances 
such as those found in shot hole of peach caused by Xanthomonas pruni 
or are rendered chlorotic as m cherry leaf spot caused by Coccomyces 
hiemalis Extensive rupture of the cuticle by the sporulatmg fungus may 
disturb the water economy of the plant with serious consequences such 
as often occur m wheat fields aflFected with Puccima graminis 

a The Leaf Blights, Cankers, and Rots The leaf blights and stem 
cankers are caused by fungi and bacteria that range from very poorly 
adapted to highly specialized parasites but all are facultatively sapro 
phytic Taxonomically they are Schizomycetes, Fungi Imperfecti, and 
Ascomycetes The lower members of the senes are analogous to the root 
rot fungi m their parasitic potentials As a matter of fact, some of them 
do attack roots and underground parts of the plants The fire blight 
organism (Enumta amtjlovora) may cause root cankers m the Pacific 
Northwest of the United States Conversely, some of the root rot fungi 
may splash upon the stems of plants and cause stem cankers 

In spite of these overlappmg tendencies it would seem well to sepa 
rate the root rots and canker diseases because the mechanism of action 
IS largely different, the habitat is usually entirely different, and there 
usually IS more host specialization m the leaf mvaders There is no 
comparison, for example, in the parasitic specialization of Pythium 
debaryanum and Ventuna xnaequahs In between these two are all 
degrees of specialization but usually there is one very significant dif 
ference The root parasites have a well developed mycelial stage 
whereas the leaf parasites have very little mycelial development apart 
from the host The aerial parasite exists as a fungous spore or bacterial 
cell that penetrates directly or through a very restricted infection hypha 
This becomes a major consideration in determining the nature of the 
parasitic establishment and the methods to be employed in controlling 
the two classes of disease agents 

b The Downy Mildews The downy mildews and their allies are 
caused by much better specialized parasites than the general leaf blights 
The members of the Peronosporaceae, Albuginaceae, and Phytophthora 
are facultative to obligate parasites that establish haison with the leaf 
tissue and mamtam a more or less compatible relationship until the 
fungus begms to sporulate 

They usually have rather specific host requirements and there are 
sharp differences in the vanetal reaction of plants to their invasion It 
IS possible to breed for disease resistance The use of haustoria by the 
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wilts of oak caused by Endoconkliophora fagaccarum and elm Ccratosto- 
mella ulmi, are insect-borne but tliey have essentially the same habits 
of invasion as the soil colonizers. 

^ The masses of mycelium and bacterial cells present in the tracheal 
tubes interfere with the movement of water and nutrients and some 
tubes respond to invasion by forming tyloses that further complicate free 
movement of materials to the leaves. Tlicse mechanical impediments will 
not explain fully all the wilting symptoms so attention is focused upon 
the metabolic by-products of the parasite. There arc a number of wilt- 
inducing todns formed in cultures of a fungus such as Fusaritim hjeo- 
persici, the cause of tomato wilt, which has been studied by Gaumann 
(1957), Davis and Dimond (1954), and Dimond and Waggoner (1953). 
The principal problem confronting these investigators has been to prove 
that enough of any one or any combination of these materials is present 
in the tracheal tubes at any one time to cause the wilt symptoms (see 
also Chapter 9 of Volume I). 

The wilt organisms are fairly well specialized facultative p arasites. 
There is a definite mechanism of pathogenesis above that induced in 
their normal parasitic activities. Tliere are very specific forms of resist- 
ance in the host and it is possible to breed for such types of resistance. 
In any evolutionary scheme, these pathogens would rate rather high 
both as parasites and as pathogens with specific abilities; but there is 
no evidence that they and the host have any tendency to establish a 
commensal state. They cause general necrosis and frequently rupture the 
tracheal tubes and overrun nearby parenchyma cells. 

5. Destruction of Food Manufacture 

The leaf-invading pathogen (Group 3) include at least four diverse 
groups ranging from poorly specialized facultative saprophytes to obli- 
gate parasites. Most of the general leaf-bJight organisms have ability to 
infect and destroy the stems, flowers, and fruits, as well as the leaves. 
Thus they can cause substantial loss in food manufacture by stem 
cankers, flower blasts, and fruit rots, scabs, anthracnose, etc. 

This overlapping of parasitic activity on different organs is not sur- 
prising because the tissues involved are morphologically analogous. The 
flower, stem, ^d fruit may be considered as modified leaves that have 
assumed special functions other than photosynthesis. They have com- 
parable ei^ermal cells and cuticle— at least while in the juvenile 
coridition. The nectaries, lenlicels, and hydathodes may be considered 
as havmg modified stomata. 

The primary mechanism of pathogenesis is destruction of the food- 
synthesizmg potential of the plant This results from local necrosis of the 
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may be suspected of either finding special nutrients at this center of cel] 
activities or else stimulates host metabolism from this location 

The susceptible host cell enlarges rapidly and begins to undergo 
division so a new type of metabolically active tissue is formed that is 
composed of the fungus and host cells in a very compatible relationship 
There is a change m the rate of respiration and m the respiratory quo 
tient indicatmg that a new type of metabolism has come mto existence 
This is different from normal host activity (Samborski and Shaw, 1956; 
No one knows exactly what transpires but there is a definite change in 
the citric acid metabolism of the tissue and there is strong mdication 
that succmic acid affects the respiration in uredospores of Puccinia 
gramtnts (Staples, 1957a, b) As the rust pustule ruptures the cuticle 
to expose uredospores or spermogonia, there may be considerable 
necrosis of the host cells at the base of the lesion in the more resistant 
varieties and there is an appreciable loss m the water economy of the 
host 

In most susceptible species the leaf tissue remams active and func 
tional while the rust spores are developing A gall may be produced when 
infection occurs in cortical znenstematic tissues such as those of the stem 
of red cedar parasitized by Gymnosporangium ^unipert virginianae In 
such disease establishments the parasite has been able to regulate the 
host cells, without othenvise injuring them to such an extent that the 
pathogenesis could very readily be classified in the sixth (following) 
type of parasitism This type of pathogenicity is preeminent m such 
rusts as Peridermium spp on pine but tendencies m this direction are 
to be found throughout the Uredmales 

6 Diversion of Foodstuffs to Abnormal Uses 

The interference with utilization of food materials is encountered in 
many types of parasitism such as those discussed above in the rust fungi 
Certam types of pathogens have the ability to invade the host cell either 
directly or by means of haustoria and alter its metabolism most drastic 
ally Such tissues are stimulated to abnormal uses of foodstuffs in syn 
thesizmg materials that cannot be of value to the host, since they con 
tribute nothing to the host’s essential functions There are three conspicu 
ous groups of parasites m this classification the smuts gall forming 
parasites, and viroses 

a The Smuts The smuts ^^ould seem to belong m the class of gall 
diseases because the parasites, with very few exceptions, convert host 
bssue mto tumors then assimilate the tumor tissue The ph>siology of 
com smut caused by Ushlago zeae is representative of tins class The 
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pathogen to procure food with a minimum of injury to the host appears 
for the first time in this group. In general, tliis group of pathogens has 
a much more highly developed type of parasitism than any of those 
in the preceding group, both as to host specificity and a restrained type 
of feeding which avoids immediate destruction of the invaded tissue. 

c. The Powdery Mildews. The powdery mildews are caused by 
obligate parasites (Erysiphaceae) with well-developed haustoria that 
permit them to feed on the cell contents without extensive injury to the 
supporting tissue. The dense growth of mycelium and sporophores on the 
leaf surface accelerates respiration and undoubtedly decreases photo- 
synthesis by screening out the suns rays. However, infected leaves 
persist for weeks and may show only the slightest traces of necrosis. 
This could be attributable to the fact that relatively little of the parasite's 
body is inside the host tissue where its toxic secretions would be added 
to the cells of the host. 

The specificity for hosts Is very marked. The physiological races that 
differ in varietal host preference (which were first encountered in the 
more specialized leaf blights such as Colletotrichum spp.) are found 
regularly in the powdery mildews. The significant feature about the 
parasitism of the powdery mildews is that the parasite has no saprophytic 
existence apart from its host and must depend entirely upon specializa* 
tion in parasitism for its survival. With this change, there appears some 
evidence of a very compatible establishment in the host even though the 
host tissue is not stimulated to excessive growth. 

d. The Rusts. The rusts are caused by parasites (Uredinales) that 
are very similar to the powdery mildews in their parasitic ability. The 
two might be grouped together as obligate leaf parasites except that 
the rusts are even more highly specialized. In addition to physiological 
specialization of races for certain crop varieties there often is further 
specialization of the haploid and diploid stages for entirely different 
families of host plants. Heteroecism has been established as an essential 
aspect of the life cycle in many species. One can only conjecture as to 
how or why heteroecism came into existence and is actually obligatory 
for most of those species of rust which have no autocyclic stage. 

The rusts have achieved remarkable progress in approaching a 
commensal relationship with the host. A hypersensitive reaction of the 
host cell that ends in its death is actually an immune reaction in this 
of establishment. The more adept races of rust invade the tissue 
intercellularly without causing such injury. The haustorium or occasional 
intracellular mycelium approadies the nucleus or else attracts the 
nucleus to it so the two often adhere closely to each other. The parasite 
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terium. The diseased tissue may be isolated in pure culture (White and 
Braun, 1941), separate from the bacteria. The aseptically grown tissues 
will induce a new gall when implanted in tissue of the host. This disease 
is almost unique in the annals of plant pathology in that the casual agent 
soon becomes incidental to the development of the disease. The processes 
of pathogenesis are autocatalytic and independent of parasitism after 
the initial period of induction. 

There are several overgrowth diseases caused by obligate parasites 
related to the Chytridiales. These fungi penetrate a root either by way 
of the root hair or other tender epidermal cells or through a wound. 
Some produce an intracellular protoplast and others, the mycelial forms, 
send a haustorium into the cell. The host cell responds by enlarging and 
dividing. The naked protoplast in the host subdivides and continues its 
growth in the two new daughter cells so there is essential compatibility 
between host and pathogen. 

Rather extensive studies have been made on the nutrition of crucifers 
affected with Plasmodiophora brassicae. For many years increasing the 
soil pH to 7.2 witli lime was recommended as a preventive (Chupp, 
1928) but there is good reason to suspect that the effect of the calcium 
ion was about as important as hydrogen ion concentration becauses the 
balance of calcium and potassium in the host cell will determine the 
severity of infection (Pryor, 1940, Gnes et ah, 1944). Abundant supplies 
of potassium increase gall development and it has been shown by Palm 
and McNew (unpublished data) that potassium accumulates in the club 
tissue to such an extent that the normal growing points of the plant may 
be starved into inactivity. The potassium is essential for synthesis of 
inorganic nitrogen into amino acids and, undoubtedly, tissue rich in 
amino acids will promote the growth of both tumor cells and the plas- 
modium of the parasite. 

c. The Viral Diseases The viruses divert essential amino acids and 
nucleotides into synthesis of virus nucleoprotem. Insofar as known, these 
nucleoprotems can never be digested or converted into liost protoplasm 
again even when the normal host tissue is being starved for nitrogen 
(Spencer, 1941). Tliis loss of organic nitrogen to virus multiplication 
constitutes a drain on the hosts metabolic processes 

There is much more to the pathogenic activities of the virus than the 
drain on nitrogen metabolism by the mere synthesis of nucleoprotems. 

A plant may support virus multiplication without any appreciable 
evidence of disease reaction. The most striking example is the so-called 
healthy or X virus of potatoes. It is essentially noninjurious to growth or 
physical appearance; but it accentuates the injiiiy' by other viruses in a 
synergistic fashion and it is virulent when transferred to other hosts 
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chlamydospores produce spondia that lodge m a leaf whorl, complete 
their sexual process, and invade the tissues by direct penetration The 
mycelium becomes somewhat systemic as it infects nearby axillary 
buds and flowering organs before the intemodcs elongate The various 
invaded tissues are not converted into smut galls until there is a generous 
j supply of nourishment, according to Davis (1936) Because of this, 
\ galls are most commonly observed on the car and lower portions of the 
’ stalk to which carbohydrates have been transported The smut mycelium 
grows with the stimulated host tissue and eventually produces a mass 
of chlamydospores 

The process m the floral smuts is very similar to com smut even to 
the point of the mycelium growing in the vegetative organs for relatively 
long periods without causing growth or necrosis in such diseases as bunt 
caused by Tilletia tritict The stale of restrained parasitism may endure 
for weeks or even months before the parasite becomes aggressively 
pathogenic Pathogenesis awaits the proper stage of nutritional develop 
ment in the host which, in this case, apparently occurs when the leaves 
begm to supply food materials to the young ovary The food materials 
that would have enriched the endosperm and developed an embryo are 
diverted into nourishing the parasite and overgrown gall tissue 

b The Galls The gall diseases are incited by bacteria, lower fungi 
m the Chytridiales and other fungi The parasite apparently thrives by 
stimulating host metabolism There is a richer pool of metabolites from 
which It can draw materials for its own growth and reproduction As 
mentioned previously, the nodules produced on legumes by Rhizobiuvn 
leguminosarum constitute a form of parasitism that definitely approaches 
commensalism 

The overgrowths caused by the crown gall and hairy root bacteria 
{Agrobactenum tumefaciens and A rhtzogenes) are special examples of 
this type of pathogenesis (Braun, 1947) The bacteria may multiply 
inside the host tissue without causing tumors but once a wound is 
created m the presence of growing bacteria the host cells proliferate a 
neoplastic tissue The host must be exposed to the bacteria within a few 
ours the wound is created but the bacteria may be eliminated 
later without jeopardizing tumor development Under natural conditions, 
e acteria may be restricted to the surface of the gall far removed from 
u yperplasia The exact nature of the growth mcitant produced 

by the bacterium has not been determined but it is known to be thermo 
Mandle, 1948) and the suggestion has been made 
that It is a polypeptide or nucleoprotein 

The prmcipal feature of this gall development is that it seems to be 
dehnitely autocafalytic once the initial reaction is induced by the bac 
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protective covering Even other forms of tissue that are actively growing 
may be destroyed by parasites that are only slightly more specialized 
However, when parasites begm to adjust their activities to special 
tissues such as the tracheal tubes or to send their cells mto a Iivmg host 
without digesting the cell or otherwise poisoning its activities, they must 
have a tight control of their pathogenic activities Finally, if the parasite 
m the cell supervises and directs the activities of that cell so that its 
own multiplication is enhanced, it must produce growth regulating 
chemicals that induce new reactions or retard diflFerentiation of cells 
into tissues The alteration of host activities to the benefit of the parasite 
may be considered as an ultimate development m parasitism because it 
is only one step removed from commensalism in which two subjects share 
the same pool of metabolites without injuring each other Few parasites, 
however, make a unique contribution to the partnership which would 
enhance the strength and vitality of the host so that the symbiotic state 
^vould be definitely superior to independent existence for both members 
As one progresses through this series of physiological disturbances 
caused by parasites, he becomes aware of certam basic changes in then: 
habits There are three well marked trends The first is suppression of a 
tendency to destroy cells by cytolytic en2ymes The second is a progres 
sive change from indiscriminate general mvasion of all cells to establish 
ment between cells or intracellular penetration with haustona to feed 
inside the cell while the major body resides outside and, finally, to a 
true mtracellular existence where protems of host and pathogen are 
freely associated The thu-d change is the growing tendency for the host 
cell to respond actively to the parasitic establishment and for the parasite 
to regulate this response However, the parasite sacrifices autonomy 
when it prolongs and expands a favorable activity in the host 

The concepts of this section are based upon the assumption that there 
must be some set of basic prmciples behmd pathogenesis These seem to 
emerge as one begins to classify the physiological effects mvolved If 
there is much validity to this arrangement, it should be possible to rein 
force its concepts by interpreting in its light, such things as the evolu 
tionary processes that are operating in pathogenesis, and the response 
of the diseased state to changes m the nutrition and heredity of the host 

IV The Evolution of Parasitism and Pathogenicity 
From a strictly teliological viewpoint, a parasite has very little to 
gam from unbridled exercise of pathogenicity If food procurement is 
so destructive th'it the host is eradicated, tlie parasite usually will have 
defeated its o^vn purposes m life The more compatible it can be with the 
host cell, the better are its chances of propagating itself indefinitely 
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This situation reminds one of the acquired resistance of ‘“bacco for 
the ring spot virus As described by Price (1932) and others the estab- 
hshed young leaves on an inoculated plant show the typical chloroti 
oak leaf pattern but leaves developed subsequently appear normal green 
If the leaf primordia while still m the embryonic tissue are precon- 
ditioned by the virus, they do not produce symptoms even though the 
virus multiplies readily in them and is capable of causing symptoms on 
a new, unconditioned host 

It IS now known that higher plants may synthesize heavy molecules 
of protein such as those resembling the tobacco mosaic virus (Takahashi 
and Ishn, 1952) without becoming diseased The protein becomes 
vimhferous only when carrying the proper nucleic acids One is forced 
to conclude that ability of the nucleoprotein to induce a disease reaction 
apparently resides in some secondary reaction not directly associated 
with abnormal synthesis of protems 

There is one mechanism of pathogenesis by viruses that seems to be 
rather obvious Many of them are known to interfere with the trans 
location of synthesized food materials Phloem necrosis is very con 
spicuous in some of the virus diseases (curly top of beets and net necrosis 
of potatoes) and undoubtedly the presence of large molecules in the 
phloem tubes mcreases the viscosity of the phloem sap and may interfere 
with its passage through the sieve plate 

As shown by Bennett (1932, 1937), viruses move m the direction of 
translocation of synthesized foodstuffs to food deficient areas Therefore 
yellow mosaic virus in raspberry, for example, moves downward into 
the crown in the fall and upward mto the young, actively growing shoot 
in the spring Any interference by the virus would lead to inefficient 
metabolism as carbohydrates accumulated in the leaves or storage organs 
and could not be moved expeditiously to the growing tip or into storage 
as required These interferences with movement of foodstuffs could 
justify a separate classification for some viruses but this has not been 
done because so little is known about the real nature of their patho 
genesis either m phloem or parenchyma cells 


B Resume of Natural Processes of Pathogenesis 
Tins brief resume shows that there is a rather general correlation 
between the type of parasitism and the physiological function of the host 
that IS interrupted The causal agents range from facultative saprophytes, 
in which parasitism is incidental to their ordinary activities, to obligate 
or facultative parasites with commensal tendencies Not much m the way 
of physiological specialization is required of a fungus or bacterium that 
digests a food reserve when it happens to lodge m a wound through the 
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on a tobacco leaf, it does not invade the tissue. However, certain strains 
isolated from healthy-appearing leaves, will infect and cause lesions on 
weakened plants (Reid et al, 1939). If Pseudomonas anguhta is sprayed 
on a plant whose leaves have been preconditioned by exposure in a 
moist chamber, a necrotic spot is formed ranging from a minute speck 
less than 1 mm. in diameter to an angular spot bordered by veins sur- 
rounding the locus of invasion. Pseudomonas angulata is a reluctant 
parasite that invades leaf tissues readily only when they have been water- 
soaked. There are strains of this bacterium that are absolutely non- 
aggresive and will not invade the leaf tissue or cause lesions. These 
avirulent strains soon come to predominate in a culture of the pathogen 
maintained on nutrient agar. To all intents and purposes they are 
identical to Pseudomonas fluorescens in cultural and physiological 
characteristics (Reid et ah, 1942). 

Hie wildfire organism causes a larger lesion than Pseudomonas 
angulata and it usually is bordered by a chlorotic halo ranging from 5 
mm. to 2 cm. in diameter, lliis halo is due to the production of an 
exotoxin by Pseudomonas tabaci that has been identified as a new a- 
amino acid by Woolley et al. (1952a,b) who gave it the name tabtoxin- 
ine. This toxin weakens the tissue and predisposes it to more extensive 
invasion by the pathogen. Variant strains can be isolated from pure 
cultures of Pseudomonas tabaci that do not produce toxin. They are 
identical in all respects with Pseudomonas angulata. There can be little 
doubt that these two so-called species are identical because they have 
identical cultural characteristics, morphology, serology, and physiological 
properties according to Braun (1937). 

Either with or without the toxin, the Pseudomonas tabaci complex 
is a poor parasite. The host must be preconditioned to infection by water- 
soaking the leaves as described by Clayton (1936). Leaves exposed to 
extreme root sap pressure from wet soils or water-logged by prolonged 
driving rains may be invaded extensively, particularly if the tissues 
have been weakened by inadequate supplies of potassium during their 
growth. 

Thus we have in the tobacco fields of Kentucky, Pennsylvania, and 
undoubtedly elsewhere a complex mixture of green fluorescent bacteria. 
The omnipresent soil saprophyte is encouraged to grow by exudates from 
the roots of wheat, barley, and other plants. Undoubtedly if enough 
of them splash onto the lower surface of tobacco leaves injured by 
inclement weather, an occasional one might multiply (Reid et at, 1942). 
After two or three host passages it should become aggressive enough 
to cause angular lesions on we.ik plants. Those strains that acquired the 
ability to produce toxin would have much more serious pathogenic 
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There is little advarrtage to be gained from making a pl^t body into a 
corpse that can be overrun by every saprophyte m the neighborhood 
Can evidence be found that parasitic specialization does mprove im 
progress toward a state of mutual tolerance as outlmed m the precedmg 
Lctton? Would it be possible for a soil saprophyte that ordinarily sm- 
vives by digesting miscellaneous organic matter to become adapted by 
evolution to a specific host, to specialize its attack on certain tissues 
the host, eventually to forsake the freedom of saprophytism and become 
so specially adapted to its host that it depended entirely upon itr' 

There is no ironclad evidence of such complete evolution, but anyone 
who has worked with plant pathogens knows that their virulence is a 
tenuous thing. Pure cultures usually become avirulent when mamtamed 
for long periods on culture media generously provided with all nutrients 
necessary for growth. There is ample evidence that new parasitic races 
may arise in culture under aseptic conditions or in the host through 
somatic mutation or segregation of factors for pathogenicity. ^ 

Fortunately, there are some observations that phytopathogenic bac- 
teria may be arising under field conditions from saprophytes that first 
acquire parasitic ability and then proceed to develop chemicals to pro- 
mote their pathogenesis. Furthermore, there is excellent experiments 
evidence on other species that host and parasite eventually establish 
a tolerable level of parasitism in which host and parasite can coexist. 
Unfortunately there is no comparable evidence of how parasites forsake 
saprophytism entirely or assume a compatible conjunctive relationship. 


A. The Tobacco Wildfire Group of Bacteria 
Tlic wildfire of tobacco is caused by a green fluorescent bacterium 
known as Fscudomonas tabaci. Wlienevcr weather conditions favor the 
dispersal of this pathogen by driving rain while the leaves are water- 
soaked, cpiphytotics erupt with explosive damage. Somewhat less viru- 
lent in its effects on tobacco is a second pathogen known as Pseudomonas 
on[’ulata, the cause of angular leaf spot. In addition to these two species, 
there is a third green fluorescent bacterium present in tobacco fields. 
It is the vcr>’ widely distributed Pseudomonas fluorescens that is a 
general soil saprophyte in many areas both in the tobacco growing 
region and elsewhere. Tlicsc species are normal soil inhabitants that 
multiply profusely in the vicinity of wheat and grass roots where they 
appircntly find nourishment from root exudates (Vallcau ct ah, 1943). 

Tliere is good rc.ison to suspect that these three species arc variant 
strains of the same thing in spile of their different names. The only real 
substantial reason for giving them separate names is that they differ in 
p.ilhogcnicily. U the soil saprophyte Pscr/domonns fhiorcsccns is sprayed 
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process of selection was repeated with the most virulent member. After 
four such mechanical selections, a fully virulent strain was isolated from 
cultures maintained constantly on peptone agar. The virulent strain had 
concomitantly gained ability to assimilate inorganic nitrogen. The 
simultaneous restoration of virulence and ability to use inorganic nitro- 
gen was due to selection of natural mutants rather than to development 
of adaptive enzymes since tlie parent avirulent type and its progeny 
had never been exposed to either the host environment or inorganic 
nitrogen in medium before the final test for virulence was made. 

Undoubtedly there are dozens of attributes such as ability to use 
inorganic nitrogen that are prerequisites for parasitic establishment in 
the tracheal tubes. The resistant varieties of maize may be suspected of 
having some specific difference in physiology that prevents full parasitic 
development. If so, bacterial cultures injected into hosts with different 
resistance would be exposed to different selective environmental pres- 
sures. When a weakly virulent culture is injected into a susceptible host 
it ordinarily gains in virulence as is witnessed by the example just 
discussed; but would the highest state of virulence be attained in the 
most susceptible variety of maize? When Wellhausen (1935, 1937) 
investigated this by making serial passages through resistant and sus- 
ceptible inbred lines of maize he found that the bacteria from the more 
resistant lines were more virulent than ffiose from susceptible lines when 
tested for virulence on the same host. Extensive tests with several dif- 
ferent cultures prove that each of these in a given line of maize attained 
a comparable maximum degree of virulence after nine or ten serial 
passages and remained constant thereafter depending on the innate 
resistance of the host. WeWhausen (2937) and Lincoln (1940) were 
able to demonstrate that the more virulent cultures from resistant lines 
were readily attenuated by serial passage through a more susceptible 
line. Irrespective of initial virulence of the culture, they came to have 
essentially identical ability to cause wilt when maintained in a host of 
specified resistance. 

C. Variations in Michigan Wilt of Tomato 

There is a limit to the operation of this principle of host-regulated 
virulence. When different species of hosts for Corynehacterium michi- 
ganense were inoculated with a highly virulent culture isolated from 
Hijosctjamus niger, virulence changed very slowly (McNew, 1938). 
Subcultures transferred serially in very susceptible hosts such as H. 
niger, Nicotiana glutinosa, and Lycopersictim cscnlentum maintained a 
high degree of virulence ^vithout developing physiological specialization. 
The same culture maintained in very resistant Vhasedlus vulgaris gained 
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abilities. The sequence of changes is known to occur in reverse order so 
it is logical to assume that increase in virulence could be developed as 
outlined here. 

B. The Bacterial Wilt of Maize in Resistant Hosts 
Parasitism has not evolved beyond this stage in wildfire. The parasite 
is still a facultative saprophyte that destroys the tissue indiscriminately 
whenever the host is weakened by unfavorable weather and soil con- 
ditions. The next stage of progress can be illustrated by well-documented 
experiments with the sweet com wilt bacterium {Bacterium stewartii) 
which shows a primitive ability to adjust its activities to its host. 

This bacterium also produces variant strains in culture that may be 
either more or less virulent than the parent cell. One weakly virulent 
strain was found to have lost its ability to use inorganic nitrogen. Since 
the nitrogenous materials of the tracheal sap are primarily inorganic 
in nature, the loss of ability to reduce these materials to organic forms 
would handicap the survival and growth of the bacteria (McNew and 
Spencer, 1939), 

When such weak strains are inoculated into the host in massive 
dosages, they rarely cause infection, but small chlorotic lesions may occur 
on an occasional leaf. The bacteria from such lesions will progressively 
gain in virulence as they are transferred from plant to plant. Eventually 
they become fully aggressive. These virulent progeny from avirulent 
strains simultaneously regain die ability to assimilate inorganic nitrogen. 
The proper interpretation of these data is that the avirulent bacteria 
have all the attributes necessary for virulence except ability to use the 
primary nitrogen sources available in the host tissue, and once the bac- 
terium has developed the proper enzymes to reduce nitrate and am- 
monium ions, it attains a full complement of parasitic abilities. 

It follows that if any progeny of this strain should acquire the ability 
to use inorganic nitrogen in culture it should be more virulent in the 
host. This was demonstrated in t\vo types of experiments (McNew, 1938). 
Wlien massive transfers were made from peptone agar to a mineral 
nutrient agar containing only inorganic nitrogen, an occasional colony 
began to grow. After several transfers on the inorganic nitrogen medium 
to fix this attribute firmly, all of the new cultures were found to be fully 
virulent for sweet com. This demonstrates that organisms may gain 
virulence while in pure culture under the proper conditions. 

A comparable evolution of parasitism was obtained on organic 
nitrogen medium by mechanically segregating variant strains as they 
appear by dispersing the cells in peptone-beef agar dilution plates, 
isolating the colonies, and testing subcultures of each for virulence. Tlie 
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virulence to a balanced state might be designated as the natural law 
of survival in pathogenesis. 

A. The Races of Wheat Rust 

The existence of this law can be demonstrated from studying some 
of the things that man has done to change the host-parasite balance. 
Much has been learned about what can be done — and what should not 
be done — in changing the natural balance that parasites and hosts have 
been able to achieve over the centuries- An excellent model for demon- 
strating the law may be seen in the breeding of wheat for resistance to 
Puccinia graminis in the United States. 

The stem rust susceptible varieties of 1910 such as Bluesfem and Fife 
were replaced by the rust-escaping Marquis. The rust epidemic of 1916 
drove farmers to replace Marquis with the durum wheats. These in turn 
were susceptible to several races of rust of which No. 11 was outstanding 
A cross of the varieties Marquis by Kota produced the variety Ceres 
which was immune to the races of black stem rust prevalent from 1926 
to 1934. However, a new race designated as No. 56 which would attack 
Ceres was identified as early as 1928 and became prevalent by 1934, It 
reached severe proportions in 1935 and 1937 and sealed the fate of the 
variety Ceres. Losses of 160,000,000 bushels of wheat occurred in the 
United States during 1935. 

Ceres was replaced by the variety Thatcher which had withstood the 
epidemic of race 56 in 1935. Thatcher, Hope, and hybrids of them were 
widely used in subsequent years. These varieties contained a combination 
of genes for resistance derived from varieties of durum, emmer, and 
flour wheats which was adequate to control the prevalent races of stem 
rust (17, 19, 38, and 56). Race 15B was discovered in 1939 and gradually 
increased in the next few years. Its biotype 15B2 swept over much of 
North America in 1950 since it could attack resistant durums. By 1953 
and 1954 the macaroni wheat varieties had been virtually annihilated 
and the plant breeders had to turn their attention to use of resistance 
obtained from varieties in Kenya. 

In looking back over the past 50 years, one is impressed that the 
germ plasms of Puccinia and Triticum have been playing tag wth each 
other. As soon as a new set of genes for resistance was introduced into 
the crop, the parasite developed a ne^v race for virulence. In only 20 
of the 50 years between the great epidemics of 1904 and 1954 was wheat 
adequately protected from Puccinia graminis on the great plains of 
North America according to Stakman and Hairar (1957, p. 507). 

At each step along the way, man speeded up the processes of evolu- 
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only slightly in virulence for tliis host while losing some of its virulenra 
for the other hosts. Thus the principle laid down for B. sicwartti in 
inbred lines of maize does not apply to C. michigancnsc in different 
species of plants. Tliis is in general agreement with Wellhausen’s ob- 
servation (1937) that B. stewartii does not gain in virulenoe for maize 
when cultured in resistant grasses. 

The data on B. stewartii arc probably indicative of what goes on 
in nature over a long period of time. As deduced by Zinsser and Wilson 
(1932), the rise and fall of epidemics may be determined by dissociation 
of the causative agent to give less virulent strains. There is no evidence 
that virulence increases indefinitely among animal hosts and eventually 
the less virulent variants will dilute the inoculum potential of a culture. 
There are good statistical reasons why these weaker forms eventually 
would reduce the severity of an epidemic. 

There are two divergent influences in the epidemic of a plant parasite 
that could make its course differ from that in animals. There is very 
little evidence that antibodies develop in plants to give a true immune 
reaction as in animals. Tlie nearest approach to this is the immune 
reaction or recovery of certain plants such os tobacco from ring spot 
virus as discussed in the preceding section. 

The second major difference behveen animal and plant diseases is 
that the health of the individual plant is of less concern than the fate 
of the entire population. Population genetics change more rapidly in 
plants so the natural laws of selection and adjustment to epidemics are 
more obvious as described below. 

V. The Law of Host-Pabasite Balance in Pathogenesis 
The host population in most species of plants has a diversity of 
genetic material. In the natural state this provides plants that are likely 
to differ in their reaction to parasites. In the course of a severe epidemic, 
the more susceptible members are destroyed or so seriously handicapped 
that they do not reproduce. This automatically increases the resistance 
of the entire population for that particular disease. 

Is that the host may become adjusted to each change 
m vmilence of the parasite. This means that the host and parasite 
establish a balance or coexistence at a higher level of parasitic tolerance 
or c ange in the parasite unless there is a mechanism for attenu- 
as described above for Bacterium stewartii. Un- 
aoubtedly it there is a loss in virulence, more susceptible types of host 
would survive and the host-parasite balance would be established at a 
ower eve o parasitism. This process of readjusting resistance and 
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economically as the reverse situation, the results are no less sensational. 
The American colonists soon found that their favorite table and wine 
grapes from Europe would not grow in the New World. The logical 
assumption was that they were not adapted to the climate. Today we 
know that they were wiped out spontaneously by the downy mildew 
disease which went to them from the native wild grape. 

A similar situation was encountered when the superior varieties of 
Hevea rubber trees were introduced into South America from the Orient. 
They were quickly eradicated by the leaf blight fungus, Dothidella ulei, 
that was indigenous to this area. In the 75 years that Hevea had been 
cultivated and bred for better yield in the Orient, it had lost all resistance 
to this pathogen. The wild types in Brazil, from which the new varieties 
had been derived, had maintained their resistance because tliey had been 
exposed continuously to infection pressure and natural selection. 

When tlie American colonists settled along the Atlantic seaboard in 
the 17th century they found that the wild apples, crabapples, and 
hawthorns were infected with fire blight caused by Erwinia amylovora. 
According to the accounts by Cox, the trees on the banks of the Hudson 
had mild infection that caused the loss of an occasional branch but the 
disease seemed to fluctuate around a mild endemic level. However, 
when the horticulturally superior pears of France and Western Europe 
were introduced, they were literally eradicated. As men began to as- 
semble select varieties of apples into orchards where the disease could 
spread easily, fire blight became a chronic problem. Evolution of the 
parasite continued while man held the evolution of the host static 
under conditions ideal for infection. 

Apparently as long as Malus spp. and other rosaceous hosts were 
distributed in a general plant society, Erwinia amylovora was restricted 
in its spread. Some trees were undoubtedly destroyed but the more 
tolerant ones escaped destruction and reproduced their kind of resistant 
progeny. If a virulent new strain of the bacterium arose, its spread was 
hampered sufficiently by mixed plantings to prevent eradication of the 
hosts before a new type of resistance could be evolved. Thus the host 
and parasite had come into a normal balance before man upset the 
scheme of things by introducing new hosts that had never been exposed 
to natural selection by infection and trees were crowded into orchards 
where conditions favored the parasite. 

D. The Aftermath of Inadequate Plant Breeding 

Man also upsets the balance of resistance-pathogenicity by efforts 
to breed superior crops. For many years the unscientific horticulturist 
selected new varieties for yield, quality of produce, and ecological 
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tion by seeking out the sources of resistance around the world and 
introducing the genes into the commercial crop. Very shortly a new 
physiologiciil race of the parasite would come into prominence and 
restore tlie parasitie balance in favor of the pathogen. Then the plant 
breeder reacted, and so on. ad infinitum. Unfortunately for the crop, 
Its custodian runs a poor second in this race because rust operates on a 
14-day cycle and the breeder on a 7- to lO-ycar cycle for propagation 
of a new variety. 

Plant parasites that get out of control and violate the law of natural 
balance are the exception rather than the rule. Usually this has occurred 
in modem history (the past 200 years) only when man has been pri- 
marily at fault. Unfortunately men arc careless and often prone to make 
mistakes. There are four common blunders against the law of natural 
balance in pathogenesis which set the stage for devastation by plant 
parasites. 

B. The Role of Introduced Parasites 
The most serious offense is the introduction of a virulent parasite 
into an unconditioned population of hosts. If the population has never 
had an opportunity to participate in the evolution of pathogenesis it is 
completely at the mercy of the parasite. We need to cite only a few 
examples. The introduction of downy mildew of grape caused by PlasmO’ 
para viticola into the vineyards of Medoc, France, from the United States 
was a national catastrophe. The importation of chestnut blight caused 
by Endothia parasitica mto the United States, presumably from China, 
deprived an entire nation of one of its most valued forest trees. Never 
has a pathogen created such havoc on a defenseless population over such 
an acreage of land. About 50,000,000 acres of chestnut forest were 
eradicated because resistance of the host had not evolved to the same 
level as the parasitism as its enemy. 

The citrus industry of this country escaped a comparable ravage from 
citrus canker caused by Xanthomonas citri only by taking drastic action 
when it was introduced from the Orient. Groves extending over thou- 
sands of acres had to be burned in order to eradicate the parasite. The 
^ owny mildew of hops caused by Peronospora htimuli was introduced 
into England from Japan in 1917. Within 5 years, it became the limiting 
factor in hop culture in western Europe. 

C. The AUack on Introduced Plants 
A second mistake that man has made repeatedly in upsetting the 
disease balance in crops is to introduce a new crop into an established 
popu a ion o parasites. Aldiou^ the results are not so disastrous 
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spores could be formed. Host injury was restricted to a small fleck. This 
reaction which is equivalent to immunity apparently set the stage for 
the development of the seedling blight caused by Helminthosporium 
victoriae. This fungus was a minor parasite on grasses and it had never 
attacked enough oats to attract attention. However, it is a facultative 
saprophyte that thrives on dead tissue, so, apparently, the hypersensitive 
reaction of Victoria-like varieties promoted its parasitism. The Helmintho- 
sporium blight gained momentum and within 3 years after the fungus 
was named it had become a major factor in oat production. Yields were 
being reduced by 25 to 50% wherever weather conditions were favorable 
to fungous development. 

Fortunately, otlier forms of resistance to crown rust were available 
in the variety Bond. New varieties were developed to replace the Victoria 
type within 5 years but, as predicted by H. C. Murphy, the varieties 
were soon attacked by a new race of rust that came into prominence as 
soon as the Bond varieties were used extensively. These in turn were 
soon replaced by new varieties that had derived their resistance from 
the varieties Sante Fe and Landhaufer. 

Nowhere in the annals of plant pathology is there a better illustration 
of the evolution of pathogenicity toward a nominal host-parasite balance 
than in this story of mans struggle with the fungi for the oat crop of 
North America. We have witnessed in 3 decades a process by which 
man speeded up evolution many hundredfold. 

Thousands of years might have elapsed while germ plasm of host was 
matched against germ plasm of the parasites had not man intervened. 
He brought an assortment of oat germ plasm from Australia, South 
Amerrca, Btfssxa, etc., into an arena where the fwo ij-pes of parasites' 
could operate freely. As soon as one gained ascendancy over the host, 
the variety was removed before it was eradicated. New germ plasm was 
introduced just as would have been done inevitably, but much more 
slowly, under natural conditions. 

Man’s role was to create ideal conditions for epidemics by planting 
millions of acres of oats tightly packed with uniformly resistant — and 
uniformly susceptible — plant material. The pathogens were uniformly 
handicapped at some times, and uniformly successful at others. New 
germ plasm was fed into the arena as it was needed. In short, man was 
forced to speed up the processes of evolution to maintain his food supply 
in this generation. At present he has everything under control but no 
one knows how long it wilt be before the next stage of evolution will 
present itself. 

The lesson to be derived from this experience is that the art of breed- 
ing for disease resistance depends more on an understanding of patho- 
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adaptability If pathogens were not present so that varieties would be 
chosen automatically for disease resistance, the breeder could, and often 
did, lose all innate disease resistance just as the breeders of rubber trees 
did m the Eastern Hemisphere 

There was enough heterozygosity left, however, in the open pollinated 
field crops to keep the new varieties from being exposed to the full 
force of epidemics Any infection on a susceptible plant might be 
checked or handicapped by the more resistant members m the mixed 
population Often this was not true in the vcgctatively propagated fruit 
crops, so diseases of orchards, rubber, banana, and fruit plantations 
became uniformly destructive and demanded special disease control 
measures The breeders of field and vegetable crops were somewhat 
slower m reducing their crops to completely uniform, susceptible popula 
tions They had to learn how to develop pure lines by inbreeding and 
subsequent hybridization m order to make every plant m a field uni 
formly susceptible or uniformly resistant 

In the period 1890-1910, Orton and otliers demonstrated that 
varieties could be bred for resistance by selection and hybridization 
This is one of the greater gifts to the welfare of mankind After the force 
of hybrid vigor had been exploited in the era 1930-1940, it was obvious 
that the greatest remaining improvement which could be made in many 
crop varieties was to improve their resistance to disease 

This has not proved to be as easy as it sounds As mdicated by the 
story on breeding wheat for rust resistance the plant parasites are 
versatile adversaries and much more skill is required than simple 
hybridizing and backcrossing In some instances serious problems have 
arisen from breeding for disease resistance because uniform resistance 
to one parasite may mean uniform susceptibility to another one 

E The Vtctona Oat 

This IS well illustrated among the otherwise remarkable achievements 
during the past 30 years in breeding oats for resistance to crown rust 
caused by Pwccmia coronata By hybridizing and selection, the old 
unimproved varieties were given stem rust resistance from the varieties 
White Tartar and Richland and smut resistance from Black Mesdag In 
order to cope with the changing population of crown rust, the resistance 
ot Victoria was bred into this synthetic variety The superior varieties 
o this cross swept into popularity and dominated oat 

culture in the United States during the period 1942-1948 

The genes from Victoria mduced a hypersensitive reaction to 
invasion by all biotypes of P coronata As soon as the leaf tissue was 
. invaded, the adjacent cells died and the infection was destroyed before 
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The physiological basis of classifying diseases should be valuable 
in understanding how environmental changes would influence the 
balance between host and parasite. The changes in soil and air would be 
expected to affect the different classes of parasites differently because 
their basic relationships to their respective hosts are different. Those 
parasites that specialize in a saprophytic existence apart from their 
hosts would be more directly affected by the change while those that 
are highly dependent or obligately dependent upon the host might be 
affected more indirectly through the hosfs response. 

Those parasites that prosper on very actively growing, metabolically 
active cells should be most severe on the well-nourished vigorous plants. 
On the other hand, the facultative saprophyte that attacks only the 
injured or weak plant might be expected to be most destructive on plants 
grown under adverse conditions, particularly if those conditions were 
also conducive to its own growth and multiplication on or near the host. 
A brief review of the effect of weather and soil fertility will serve to 
substantiate these ideas, 

A. The Effects of Weather 

The facultative saprophytes that cause the first three classes of 
disease (the storage rots, the seedling diseases, and the root rots) are 
almost entirely dependent on the environment. A modest change in the 
ventilation or temperature of an apple or sweet potato storage will 
prevent Pemcillium rot and black rot infection, respectively. Only a 
slight increase in soil moisture content is necessary to cause pea seed 
decay by Fythium ultimum. If there is free water in and on the soil for 
a day or two, the emergence of seedlings may be reduced Q0% or more, 
but if the moisture content remains at about 30 to 50% of water-holding 
capacity, a perfect stand will be obtained. Lima bean seed, on the other 
hand, are destroyed much more readily by this same fungus if develop- 
ment of the seedling is handicapped by cold soils for a few days. A cool 
weather crop such as the pea is rendered more susceptible by water 
than by a drop in temperature while the reverse is true in the warm 
weather crop such as the lima bean. 

The severity of Aphanomyces root rot of peas can be accentuated 
appreciably by reduction in soil temperature while the Fusarium root 
rot of the same crop can be very severe in warm seasons. Minor changes 
in the hydrogen ion concentration of soil will alter the survival and 
parasitism of such soil inhabitants as Pseudomonas soJanaceamm on 
potatoes and Thielaviopsis basicola on tobacco. The addition of nitrogen- 
ous materials to soil will reduce the survival of Ophiobolus gramints 
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genesis and the nature of parasitism than it does on genetic manipulation. 
There is nothing so profound in tlie processes of inbreeding, hybridizing, 
and backcrossing that any teclinidan could not master them in a few 
months. The real problem is to estimate what course evolution of the 
parasite is likely to follow and what hazards of pathogenicity are likely 
to be encountered after every genetic change in the host. 

This brief account of the evolutionary processes by which parasites 
come into balance with host lesistance and the disasters to which man 
has exposed his favorite crops by meddling, makes one wonder whether 
it is safe to breed forest trees for resistance. Until much more is known 
about the nature of their diseases and the genetic potentials for evolution 
of their parasites, extreme caution must be observed. 

What might happen, for example, if every white pine tree in the 
United States was uniformly homozygous for resistance to Cronartium 
ribicola? If a new race of white pine blister rust arose spontaneously, 
every tree might be uniformly susceptible. The disease would sweep 
across young forest plantations like wildfire wherever there are wild 
currants. At least 75 to 125 years would have to elapse before a new 
resistant line could be developed and put into commercial production. 
The disaster to an annual crop such as oats described above would be 
nearly fifty times as difficult to correct technically and probably would 
be even more serious economically for forest trees. 

The least that should be done is to forbid widespread planting of any 
one hne of forest trees. Blocks or mixed plantings of trees with different 
ere itaiy attributes should be used. Furthermore, there is great need 
m ree mg trees to find the best possible means of transferring one or 
aTtributes^in^an^^^^^^^"^^ without reducing genetic heterogeneity for other 
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wheat caused by Ophioboliis graminis in Kansas and Australia while an 
increase of nitrogen often has the same effect in Canada and England 
(see review in McNew, 1953). The two elements must be balanced in 
order to promote quick recovery of infected plants. The type of nu- 
tritional balance required varies most remarkably with each class of 
pathogens as briefly summarized below. 

1. Destruction of Food Reserves 

The storage rots and decay diseases that destroy the food reserves, 
are caused by the facultative saprophytes, are only moderately affected 
by the type of soil fertility prevailing at the time the crop produced the 
fruit, seed, or other storage organs. However, plants supplied with an 
excess of nitrogen do produce a crop more susceptible to decay. Careful 
study on the storage rots of apples in Northern Ireland and New Zealand 
have shown that fruit from heavily manured trees are more seriously 
injured by fungal pathogens than from those grown on untreated trees. 
The fruits from nitrogen-fed trees are more nourishing to Cytosporina 
ludibunda as can be demonstrated by removing sections aseptically 
and inoculating them in culture dishes. 

Moderate applications of potassium around apple trees produce a 
firmer fruit less susceptible to mechanical injury and consequently to 
decay but an excess of potassium promotes physiological breakdown of 
the tissues. The general conclusion seems to be that an excess of nitrogen 
renders the fruit more nutritious to the pathogens. The effect of nitrogen 
is strictly on the growth rate of the pathogen in the presence of an 
unlimited supply of carbohydrates since there is no evidence that the 
host enters into a counter-reaction or growth response of any sort. In 
this type of disease, nitrogen or nitrogen-potassium balance is the 
predominant factor in determining host invasion. 

2 and 3. Prevention of Seedling Metabolism and Procurement 

The seedling diseases and root rots are definitely affected by soil 
fertility. An excess of nitrogen increases susceptibility to invasion of the 
plant tissues by the soil inhabitants with low grade to average patho- 
genicity traits. Apparently an excess of nitrogen either injures the seed 
and seedling or prolongs the juvenile condition of susceptible tissues 
that normally become more resistant with maturity. 

The balance between nitrogen and phosphorus is very definitely 
important in such diseases as take-all, foot rot, and Pythium root rot of 
wheat. The proper balance assures rapid regrowlh of roots from the 
crown of infected plants (Garrett, 1948) so as to assure a quick recovery 
from loss of diseased roots. The phosphate fertilizers are no less important 
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Many soil saprophytes are destroyed or inhibited by microbial antago- 
nists that can be stimulated by addition of organic matter in the form of 
animal manure, green manure, or even sugar. 

These various facts are well recognized and are commonly used in 
controllmg the poorly specialized parasites that live in the soil. Every 
effort is made to reduce their incidence or to handicap their development 
by various means. Disease-escaping practices such as sanitation, crop 
rotation, planting on selected dates, and choice of fields that are un- 
favorable to the pathogen are widely recommended. 

Analogous procedures are also used for some of the leaf blight 
parasites that are poorly specialized although less use is made of environ- 
mental control except to insert toxic spray materials into the scheme. 

Comparable precautions are rarely emphasized in controlling the 
more specialized parasites of the leaf. The genetics and growth of the 
host determine the aggressiveness of the parasite. The viral diseases and 
rusts are exceptionally destructive on succulent, rapidly growing plants. 

B. The Effects of Mineral Nutrition 
The mmeral nutrition of plants may have a marked effect on the 
severity of their diseases. Although few diseases are completely con- 
trolled by varying the soil fertility, the damage from the pathogen may 
be ameliorated appreciably by adjustment of the balance and total 
quantity of nutrient elements in the soil. 

If diseases are considered in toto there seems to be very little logic 
to the effects of various nutrients when the data available in some 700 
reports in the literature of this subject are brought together. For example, 
the reports on nitrogen supply show that a deficiency of this element 
decreases the seventy of 19 diseases and increases it in 11. On the 
other hand, a generous supply of nitrogen decreases the injury in 32 
diseases but increases it in 58 others. About the only conclusion that 
can be formulated is that excess nitrogen probably should be avoided 
Jut every disease has to be considered as a special case. The same 
confusion exists when the responses of various diseases to potassium 
or phosphorus are listed. 

If, however, mineral nutrition is considered in terms of the six 
physiological classes of diseases, a reasonable degree of order can be 
established. There are certain effects from mineral nutrition because 
disease production by the parasite and recovery of the host are physio- 
logical processes dependent upon nutrition. 

Usually there arc certain balances in nutrient elements that dominate 
t ic c iscasc response of the plant. For example, an increase in phos- 
phorus supply in soils reduces the severity of the take-all disease of 
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of nitrogen and adequate supplies of potassium leads to firmer tissue 
m leaves, stems, and fruits so these organs are less severely mvaded 
The outstanding example is the use of potassium to prevent or reduce the 
susceptibility of tobacco leaves to water logging of tissues a major 
prerequisite to extensive invasion by tlie wildfire bacterium 

c The Powdery Mildews Powdery mildew infection is handicapped 
by cells tliat have thick, tough cell walls Because of this, plants are 
rendered susceptible by heavy fertilization with nitrogen (Stuch, 1926) 
As a general rule, plants receiving generous allotments of potassium 
and phosphorus are much less severely infected Potassium is particularly 
important and a few mvestigators have reported that a combination of 
potassium and silicates speeds up the hardening of leaf cells so the 
mildew fungi are less mvasive 

d The Rusts The rusts of cereal crops are more severe on plants 
supplied with nitrogen Moderately resistant varieties of wheat rye, 
and oats may be rendered susceptible by depriving them of potassium 
while their resistance may be mcreased by adding potassium to the 
nutrient medium according to German investigators (Gassner and 
Franke, 1934, Gassner and Hassebrauk, 1933) Gassner and Hassebrauk 
(1931, 1934) explain these effects by the changes m amount of albumen 
in tlie leaf tissues since this is increased either by addition of nitrogen 
or removal of potassium from the nutrient supply However, this is 
probably only one facet of the problem since wheat plants provided 
with additional nitrogen will produce a toxin for Puccinta glumarum at 
a more rapid rate than normal 

6 Diversion of Foodstuff to Abnormal Uses 

b The Galls The galls are affected most conspicuously by the 
balance between potassium and calcium There must be adequate sup 
plies of nitrogen and phosphorus to support cell division in the tumor 
just as m normal tissue so a deficit of these materials will suppress the 
severity of club root of crucifers, crown gall of tomato bunt of wheat 
and common scab of potatoes However if these two nutrients are 
available m adequate supply for host growth, additional amounts have 
only moderate effects compared to potassium and calcium 

There has been much confusion about addmg hme to sods for club 
root control and use of acid forming materials for potato scab because 
attention was focused on sod reaction rather than the change m nutrient 
balance m the host The hydrogen ion concentration of the sod solution 
is not the sole factor operatmg because severe club root of cabbage may 
occur m sods at pH 7 0 to 8 2 

The amount of calcium ions available and even more its balance 
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in reducing the infection of sugar beet seedlings by Aphanomtjces coch- 
lioides (Afanasiev and Morris, 1949). By speeding up growth so the 
seedlings can rapidly pass into tbe resistant stage, losses in stand are 
reduced and yields are increased threefold. A comparable effect of nutri- 
ent balance has been demonstrated for Texas root rot. One may conclude 
that nitrogen-phosphorus balance is important in seedling diseases and 
root rots because it permits maximum growth of roots and rapid recovery 
from these low grade but very destructive pathogens. 

4. Interference with Upward Transport 

The wilt diseases, that affect movement of water and nutrients on 
the other hand, are much more affected by the balance of nitrogen and 
potassium than by nitrogen and phosphorus. An excess of nitrogen 
stimulates the severity of wilting and a deficiency reduces wilting 
apparently because of the attendant succulence of the tissue and because 
a tracheal sap rich in nitrogen is a more acceptable culture medium for 
the pathogen (McNew and Spencer, 1939) than a sap poor in nitrogen. 
This situation holds for the fusarial wilts of cotton and tomato, the 
bacterial wilt of maize, and comparable diseases. 

If the plant is provided optimum supplies of nitrogen, its susceptibility 
is decreased by additional potassium supplies. The most logical expla- 
nation is that adequate supplies of potassium must be available to 
promote the utilization of available nitrogen in the processes of host 
growth (Shear and Wingard, 1944). This prevents accumulation of 
extra nitrogen that could be quite useful in promoting the growth of the 
parasite in the tracheal tube. Phosphorus increases the severity of 
infection only slightly and essentially has no effect on wilting until it is 
provided in excessive supply as was sho^vn for bacterial wilt of maize 
(Spencer and McNew, 1938). 

5. Destruction of Food Manufacture 

a. The Leaf Blights, Cankers, and Rots. The leaf blights and cankers 
arc rendered more destructive by nitrogen fertilization e.xcept for a fe"' 
examples such as the bacterial shot hole of peaches caused by Xantho~ 
monos prtmi where nitrogen retards abscission formation and helps 
prevent defoliation of infected leaves. There is also some skimpy evi- 
dence that nitrogen fertilization may prevent extreme severity of early 
blight on tomatoes infected with AUemaria soJani. 

TIio more common experience, however, is for nitrogen fertilize’’^ 
to increase susceptibility to invasion by parasites such as Crwini^ 
amylovora on branches, foliage, and flowers of pear and apple, or 
Pseudomonas tahacl in tobacco wildfire. Tlie use of moderate suppli^^^ 
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of cereals, for example, that are highly resistant to specific races of the 
obligate parasites. 

With such records of success before them, enthusiastic novices in 
plant breeding often assume that all plant diseases should be controlled 
by use of resistant varieties. They soon discover that resistance to a fruit 
rot, for example, is harder to achieve than resistance to a rust, and, once 
resistance is found, it is much more difficult to transfer into a commercial 
variety by hybridization and backcrossing. Are there any principles 
that could guide the plant pathologist in making a decision as to whether 
breeding should be preferred over sanitation, crop escaping, or preven’ 
tive sprays for disease control? There appear to be such principles 
because the inheritance of resistance by the host seems to vary with the 
six degrees of specialization involved in the parasitic processes. This 
interesting relationship appears worthy of discussion. 

1. Destritction of Food Reserves 

The storage organ rots and decays of the food reserves have rarely 
been controlled by use of resistant varieties. As emphasized above, these 
diseases are essentially digestive processes of saprophytes whereby a 
tremendous reserve of readily available carbohydrates is attacked as soon 
as the protective covering is injured. About the only chance of securing 
a more resistant variety is to find one with either a thicker skin or firmer 
flesh so that it is not wounded so easily. An alternative possibility is 
to find a variety with a toxin in the tissue that can inhibit the pathogen. 

If such sorts of resistance for storage and transit rots are found, it 
is very likely to impart such undesirable quality to the produce that it 
will destroy its horticultural value. These attributes, if they did occur 
and were acceptable, are the product of general growth phenomena that 
undoubtedly are regulated by scores of genes. The problem of trans- 
ferring such genes in mass and eliminating all genes that contribute 
toward susceptibility is a tremendous undertaking. In this type of 
disease, the advantages rest with the unspecialized parasite that is 
versatile in its food acceptance and has no special system of establishing 
itself on an actively growing cell. 

2 and 3, Prevention of Seedling Metabolism and Procurement 

The root rots and seedling diseases are comparable to the storage 
organ rots in the general omnivorous nature of the parasites, but they 
differ in that tliey do attack and destroy living cells. They usually invade 
through wounds, but they may also form mycelial masses on the plant 
surfaces and breach the epidermis by pressure or digestive enzymes such 
as is shown by Thtelaviopsis basicola on tobacco. 
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with potassium determine the severity of the growth response to mvasion 
Contrary to what was observed in the wilt and rot diseases, an increase 
in supply of potassium promotes gaU growth As a matter of fact, a iMge 
club on the mam taproot of a cabbage or turnip plant will accumulate 
so much potassium that the remainder of the plant may be deprived of 
supplies adequate for normal growth This situation is readily under 
stood when it is realized that the potassium is mdispensablejgj con 
version of inorganic nitrogen mto ammo acids The calcium is necessary 
for spindle formation and other piocesses involved in cell division and 
in the formation of new cell walls Again there is a very sound reason 
why this particular nutrient balance has proved so consistently impor- 
tant when the nature of the pathogenesis is given full consideration 
c The Viral Diseases In the viral diseases that have been studied 
so far there is a direct correlation between the supplies of nitrogen made 
available to the host, the seventy of symptoms, interference with growth, 
and multiplication of the virus There are considerable conflicting data 
on how the heavyweight virus protein is formed and acquires the ribo 
nucleic acid that gives it virus properties The plant apparently does not 
reallocate nitrogenous materials from its tissues to the virus when 
inorganic nitrogen is m short supply The nitrogen from the soil is in- 
corporated directly m the precursors of the nucleoprotem so a shortage 
of nitrogen hampers virus multiplication (Spencer, 1941, Bawden and 
Kassanis, 1950). 

In addition to nitrogen, the supply of phosphorus affects the severity 
of virus reaction m plants The tumor tissue of sorrel incited by the 
clover wound tumor virus has a phosphorus requirement several times 
as large as that of normal tissues These effects appear logical since 
phosphorus is essential for the heavier energy demands of the cell and 
the formation of nucleotides used in the synthesis of nucleic acids 
Tins \ery brief condensation of over 700 original reports may be an 
oicrsimphfication of the effect of soil fertility However, it does show 
that there is a logic to the results being obtained on the effects of host 
nutrition on plant diseases When the diseases are grouped according 
to the physiological basis of their parasitism, the basic effects become 
apparent 

Host Gevetics in Relation to Type of Pathogenicity 
Tlie employment of disease-resistant varieties has come to be ae 
cepted as one of the cheaper and more effective methods of avoiding 
the rarages of plant pathogens The method has become standard for 
controlling many- of the highly specialized parasites such as the nid 
and poiidcry milden fungi It has been possible to synthesize varieties 
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cultural traits, while retaining the major genes for resistance. One ad- 
vantage is that the wilt parasites apparently are not so prone to develop 
a multitude of parasitic races as the obligate parasites because they do 
have an existence apart from their hosts during part of their life cycle. 

5. Destruction of Food Manufacture 

a. The Leaf Blights, Cankers, and Rots. The situation in the leaf 
blights, cankers, and rots is highly confusing because of the diversity of 

.the fungi and bacteria» involved. Some of them are omnivorous, faculta- 

,tive saprophytes much like the root rot fungi. They attack injured 
tissues, have no special aptitude either in initiating an attack or in 
establishing suitable liaison with the functional cells of the host. Among 
these are many species of AUernaria, Septoria, Stemphylium, Pseudo- 
monas, and Xanthomonas. Others such as species of Cercospora, Col- 
'etotrichum, and Venturia have well-developed parasitic patterns includ- 
ng the production of parasitic races with very specific varietal prefer- 
ence. Breeding for resistance in this group is successful almost directly 
a proportion to the degree of parasitic specialization exhibited. Breeding 
T quite rewarding in the latter group but relatively unimportant in the 
’ss specialized types. 

b. The Downy Mildews. The downy mildew fungi, in general, have 
3ry well-developed parasitic capabilities ranging from facultative to 
aligate parasitism. Resistance is relatively easy to develop and transmit 
' breeding. The outstanding ex-ample is the development of varieties 

potatoes resistant to Phytophthora infestans by transfer of four or 
issibly five genes from Salanum demissum to S tuberosum. The most 
cently developed resistant varieties constitute about the fifth time that 
3 late blight problem has been “completely solved” by breeding in 
nth America and in Europe. Resistance has been quite ephemeral 
rely because the fungus has great ability to produce new parasitic 
es. Currently there is evidence that resistance being developed in 
*xico may be more enduring (Niederhauser, 1956). Resistance to this 
leral class of parasites seems to be regulated by a relatively few 
,{or genes, since only one to three are required for resistance to a 
de biotype of the fungus. 

c. and d. The Powdery Mildews and Rusts. The obligate parasites 
the Erysiphaceae and Uredinales have highly specialized parasitic 
* 's. The physiological relationship of host and parasite is so delicately 

need that a small change in the ^ f protoplast may be detrimental 
be parasite. Although very littJo kno-wn about the physiology of 
, obligate parasite or the specific {uirements made upon the host, 

obvious tliat in establv’ “ . daily commensal state \Mth the 
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Resistance can be found in mechanical strength of the tissues or the 
presence of toxic materials such as the phenolic and alkaloid materials 
in certain crops resistant to Texas root rot (Greathouse and Rigler, 1940). 
In addition, the plant, even though invaded, may escape destruction 
by replacing injured tissue. Many maize seedlings have the epicotyl 
completely destroyed by Diplodia zeaCy operating from either the seed 
or the soil; but the timely establishment of a permanent crown of roots 
from the lower nodes of the stem compensates for the loss of water 
and nutrients normally provided by the primary root system. “Resistance” 
of some strains of tobacco to black root rot is almost entirely achieved 
by prompt development of roots to replace those destroyed by the fungus 
during periods of weather favorable to the parasitic establishment. 

These types of growth” resistance are regulated by many genes and 
resistance of this sort is rarely transferred readily from resistant to 
susceptible lines. There may be two or three major genes for resistance 
but invariably their effects are modified by a battery of secondary genes, 
the number of which is so complex that they are rarely determined by 
the breeder. 


4. Interference with Upward Transport 

The situation changes drastically when one progresses from these 
^ nonspecialized soil inhabitors to the more specialized parasites 
ot the transport system. These pathogens have fairly well-defined 
"’I’ich are met best by the environment of the 
. m choosing this more selective, specialized 

aeiinn”™™ ‘™tomatically have sacrificed some of their freedom of 
ouanlitaHv "-ide deviations in the qualitative and 

determined ‘I'e host. Their fate can be 

and host met Jbolism^ ^ 

parasites have attacked by vascular 
susccntibilitv thrm i agrees of resistance ranging from complete 
The number of wiU 1° *“ immunity in different varieties. 

eticslTeel '’y ‘hese resistant vari- 

of cotton, tomato oca'll? ™ hy Bacterium stewartii; the wilts 

etc. c.auscd hv Fmarhm mn ■'^nd'* ‘^“hbage, 

Tlie brecdinir nf tilmi on elm. 

presents no insuLoLthlomohkm a”'" 

of this sort is inherited thrmmi i “ Usually resistance 

reasonable diliglt' f Sencs (two to siv). By 

susceptible commercial p.ircnt to 

P fix desirable agronomic and horti- 
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cultural traits, while retaining the major genes for resistance One ad- 
vantage IS that the wilt parasites apparently are not so prone to develop 
a multitude of parasitic races as the obligate parasites because they do 
have an existence apart from their hosts during part of their life cycle 

5 Destruction of Food Manufacture 

a The Leaf Blights, Cankers, and Rots The situation m the leaf 
blights, cankers, and rots is highly confusing because of the diversity of 
the fungi and bacteria involved Some of them are omnivorous, faculta- 
tive saprophytes much like the root rot fungi They attack injured 
tissues, have no special aptitude either in initiating an attack or in 
establishing suitable liaison with the functional cells of the host Among 
these are many species of Altemaria, Septona, Stemplujhum, Pseudo- 
monas, and Xanthomonas Others such as species of Cercospora, Col- 
letotnchum, and Venturia have well developed parasitic patterns mclud 
mg the production of parasitic races with very specific varietal prefer 
ence Breeding for resistance m this group is successful almost directly 
in proportion to the degree of parasitic specialization exhibited Breedmg 
IS quite rewarding m the latter group but relatively unimportant in the 
less specialized types 

b The Downy Mildews The downy mildew fungi in general, have 
very well developed parasitic capabilities ranging from facultative to 
obligate parasitism Resistance is relatively easy to develop and transmit 
by breeding The outstanding example is the development of varieties 
of potatoes resistant to Phytophthora tnfesians by transfer of four or 
possibly five genes from Solanum dcmissum to S tuberosum The most 
recently developed resistant varieties constitute about the fifth time that 
the late blight problem has been ‘completely solved* by breedmg m 
North America and m Europe Resistance has been quite ephemeral 
merely because the fungus has great ability to produce new parasitic 
races Currently there is evidence that resistance being developed m 
Mexico may be more enduring (Niederhauser, 1956) Resistance to this 
general class of parasites seems to be regulated by a relatively few 
major genes, since only one to three are required for resistance to a 
single biotype of the fungus 

c and d The Powdery Mildews and Rusts The obligate parasites 
of the Erysiphaceae and Uredmales have highly specialized parasitic 
races The physiological relationship of host and parasite is so delicately 
balanced that a small change in the host protoplast mav he detrimental 
to the parasite Although ver> little is kaiowai about the ph>siology of 
the obligate parasite or the speciBc requirements made upon the host 
it IS obvious that in establishing a partially commensal state uith the 
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host, these fungi have sacrificed most of their independence of action. 
The obligate parasites are not versatile enough to accept the biochemical 
changes induced in the host by two or three new genes. Resistance to 
a single biotype usually is regulated by a single gene or pair of genes. 
Because of the prevalence of monohybric and dihybric inheritance of 
resistance, breeding of new varieties is a relatively simple matter. It is 
equally simple for a new race of the parasite to circumvent such highly 
specialized forms of resistance by reorganization of its own genes. 

Because of this interplay of genes of the host for resistance and those 
of the parasite for invasiveness, Flor (1946) has suggested that there 
are matching genes in Melampsora Uni and its host. This intriguing 
concept must be true at certain levels but there are undoubtedly many 
genes that operate independently because a rust and its host do have 
many functions that are independent of each other. Only time and the 
acquisition of knowledge on the biochemistry of the host-parasite rela- 
tionship in obligate parasitism will reveal to what extent there are 
matching of genes for resistance in the host and for parasitism in the 
pathogen 


6. Diversion of Foodstuff to Abnormal Uses 

The Galls. It should be pointed out that certain types of fungi, still 
classified as obligate parasites, have rather wide host ranges and are 
not readily controlled by breeding for resistance. Among these are certain 
inembers of the lower fungi such as Plasmodiophora brassicae, the cause 
of clubroot. Many efforts to develop resistance in its various cruciferous 
uniform failure until within the past 20 years (Walker, 
iJ36). Tins experience shows that parasites which are not readily cul- 
tured in artificial media do not necessarily have to be highly specialized 
mof erence. Their major nutritional requirements may be 

hill conmon function of photosynthesis or protein metabolism 

dcstrovpfTi” * fy so highly specialized that they may be 

destroyed by relatively minor changes in the host. 

for res^sHn*^^ ’ ! variable degrees of success in breeding 

ProbX th • . ’r® that operate as growth regulators 

no^ n ra e of then, are relatively 

rLusua abto™'; facultative saprophytes that have 

grouth taut . ’ to produce extracellular chemicals that have plant 

from sriddn ^ Pathogens such as viruses that regulate cell functions 
anT a ImM id ^'8% ^Peoi-alized, 

Je stan^ For ’’V certain forms of 

resistance For example, the parasitism of cereal smuts which converts 
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ovary tissue into an overexpanded mass of mycelium and host cells 
apparently is controlled by two or three genes in many varieties Like- 
wise, there is ample evidence that the susceptibility to viruses may be 
changed by replacing one to three genes 

VIII Search for Effective Disease Control by Application 
OF Logical Principles 

Plant pathology has one ulterior purpose — the prevention of plant 
disease Therefore, much of tlie knowledge and skill of the profession 
must be directed toward control of the forces of pathogenesis Any idea 
for controlling pathogenesis should take into account that disease is just 
as much the product of host reaction as it is the result of a parasitic 
invasion 


A Methods of Regulating Pathogenesis 

Much more is involved in this concept of disease control than the 
ordinary idea of destroying or avoiding pathogens It is based upon the 
obvious truth that a parasite may be tolerated if means can be developed 
to regulate or circumvent its abilit) to induce disease As mentioned in 
the opening paragraphs and as illustrated by several examples in subse 
quent discussions, parasitism may play a minor role in many diseases 

This idea of regulating the forces of pathogenesis as well as exter 
minating the pathogen is entirely sound because the records show that 
man has never learned "to control” any of the major pathogens About 
all that has been achieved is to find methods of Jiving with them — but 
not at their mercy How many have ever been eliminated (le, erad 
icated entirely) by breeding, application of protective chemicals sanita 
tion, disinfection of the environment, etc ^ Not onel The nearest ap 
proaches have been m the breeding of the Washmgton varieties of 
asparagus for resistance to Puccinta asparagi, an autoecious rust, and m 
eradicating citrus canker {Xanthomonas citri) in Florida by burning 
all infected groves But the rust can still be collected today on wild 
asparagus and citrus canker does flare up at times so these are horti 
culturally successful measures rather than absolute victories over the 
pathogen 

A tolerable situation such as this can be established by (a) use of 
disease-escaping tactics, (b) suppression of the pathogens to permissible 
levels or (c) use of disease resistant or tolerant varieties of crops to 
establish a favorable host parasite balance Many prevalent diseases can 
be escaped by use of disease free seed, selection of sites unfavorable to 
the pathogen, choice of favorable planting dates, avoiding wounds and 
bruises, use of quarantines, etc The prevalence of the pathogen can 
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be suppressed by seed treatment, soil disinfection, protective foliage 
spra>s, space fumigation of soil and storage areas, stimulation of anti 
biosis, or rotation of crops The disease response of plants to infection 
can be ameliorated by antidotmg toxins, proper fertilization of soil, 
encouragement of new root growth, avoiding extreme fluctuations in soil 
moisture and available nutrients, etc Resistant crops can be developed 
by selection, hybridization, and graftmg on resistant root stocks 

one of these various methods is likely to be most successful 
against a specific pathogen^ Does the physiological basis of organizing 
the knowledge on plant disease offer any help in developing some sound 
principles^ If the principle is fundamentally sound it should be useful 
in directing research activities into fruitful channels In order to draw 
the facts together in an intelligible manner it is well to study the inter- 
relationship of various factors m an epidemic 


B The Factors tn an Epidemic 

An> disease outbreak depends upon three elements the inherent 
susceptibiht) of the host the inoculum potential of the parasite, and 
the impact of environment on parasihsm and pathogenesis Each of these 
Ins h\o components as indicated schematically by the triangle of 
epiphytosis in Fig 1 Tlie height of the apex (seventy of the epidemic) 
IS determined b) the relation of these six components 

The base for anv epidemic is the susceptibility of the host This sus- 
ceptibihta is composed of two factors its seasonal development which 
exposes it to the pathogen, and its inherent resistance to invasion or 
olcrance of the forces of pathogenesis If either of these elements is 
shortened as indicated in Fig 1 from D 10 to D 2 on one hand or from 
o on the other, the host will either escape the infection periods 
r resist entering into a pathogenic process Even if all other elements 
1 reduced from 100 units 

iJ epidemic IS rcduccd If either side of the 

mnmL tI ',? development of the crop is the influence of 

con iZr That Tt r'f " ,T *'■“ d may encounter 

r™c on 1 .1 ° faiorablc to the pathogen and to its onn disease 

moTure ae, K •™d edaph.c factors of temperature 

more condncii ^ pmperh balanced, the environment becomes 
Z umdfT 1 “fM Tliese could be indicated hv 

crenTronnl d T V"'' f"'! impact 

winch are nsiiall ^ l" ^ f‘’”l“cncy .and duration of these periods 

rc' wi o Z n ,1 P^d'ds If the periods are 

zero there can be no disease so this force operates as the 
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angle on the left-hand side of the tnangle to determine whether max- 
imum damage will be 100, 50, or 0 units, for example 

The virulence and, to a large measure, the prevalence of tlie parasite 
will be determined by the inherent susceptibility of the host as described 
m the section on host parasite balance The virulence of the pathogen, 



I SEASONAL DEVELOPMENT 1 INHERENT SUSCEPTiaiLITY ' 

susceptibility of host 

Fic 1 The tnangle of factors that bmit an epidemic The full impact of a 
pathogen may be a\oidecl cither by reducing host susceptibility, inoculum potential 
of the parasite, or ensironmental conditions fasorabic to pathogenesis The peak 
may be reduccrl from a maximum point of “g* to some losser lescl such as a, b, c, 
e, or f by restricting one or more of the six factors m an epidemic, as indicated b) 
the internal lines Tliis uoiild reduce crop losses from a ma.Timijm of 100 to some 
loner figure such as 50 20, or even 0 All figures arc assigned empirically and cannot 
be giscn precise \alucs at this stage of knoulcdge Tlic preferred treatment for a 
disease shifts progrcssncly clocksvise from the left comer to the lower right side of 
the base os the specialization in pathogenesis increases from class I to class 0 of 
disease 

unfortumtob , l«s nc%cr been fuU> divorced from the innate properties 
of the host so no one Ins been able to reduce inherent virulence for a 
given host m a practical way. Even if methods for causing dissocnlion 
of avimlent strains were developed, the forces of seleelnc cioliilion 
would prevent 5 urvav.al of such strains under field conditians 
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Only one basic rule seems to * — 

of the host IS reduced by breedmg or selection, the angle of virulence 
increases so the parasite tends to maintain a constant inoculum potential 
Disease control must depend on reducing the prevalence of the parasite 
(shortening the right side of the triangle) or disrupting the degrees of 
virulence by frequently changing the genetics of the host Schematically, 
the seventy of an epidemic could be held at 50 units either by reducing 
the prevalence of the pathogen to “e” or the angle of virulence to 35 
degrees, as shown in Fig 1 


G Relation of Class of Parasitism to Disease Control 
Disease control, therefore, may be achieved by disrupting any one 
of six factors in the epidemic triangle Which one of these factors is 
most likely to be successful? It depends strictly upon the type of 
pathogenesis involved For example, if all the disease prevention methods 
currently used were enumerated for diseases representative of each class 
of pathogens, they could be classified somewhat as indicated m Table I 
The more poorly specialized parasites of the storage organs (class 1). 
^\hlch are nothing much more than opportunistic facultative saprophytes, 
are controlled by use of disease escaping tactics — avoid wounds, harvest 
fruit when mature, dry immediately, prevent sweating in storage, etc 
In short, disease controls are applied at the left-hand base and angle 
of the epidemic triangle The second alternative is to regulate the 
environment as much as possible, and the third measure is to reduce the 
popu ation of parasites Scarcely a thought is given to inherent resistance 
n 0 ler wor s, t ere is diminishing likelihood of success in developing 
preventive methods as one progresses clockwrse around the triangle 
trom the left angle 

maJv'reTn analogous to the rots rn 
have only slightly less possib.hty of control by d.sease- 

cn\,fonL^rs"‘'t’ <="'Phasis on changing the 

--r '”"'r - r»« 

trir.:' 1 r’" rAt" 

e ™t mts UmVm ; -"“y !><= developed for a few of 

rUner 1 e 1 o" retVcrrfrom' mTf m growth response m 
recorers from infection nlthough this is not a positive 



Table I 

Summary of Different Types of Control Measures Found To Be 
Effective for Different Classes of Disease 


2 THE NATUBE , OBXGTH AND EWLUTION OF PARASITISM 


61 




62 


GEORGE L. MCNEW 


form of immunity. In other words, the root rots, most of which are 
facultative parasites, are controlled by changing the factors one more 
step clocbvise on the chart than for the seedling diseases. 

While discussing the soil microorganisms, it might be well to con- 
sider the more highly specialized gall forming (class 6) parasites that 
are capable of invading roots and regulating their growth (6b). Nearly 
all of these have an existence apart from the host so special effort is 
made to reduce their population in soil. However, there may be definite 
forms of resistance in varieties, so breeding may be more valuable than 
for any of the other diseases discussed above. Control measures rotate 
clockwise to the right-hand side of the triangle. 

The wilt diseases (class 4) further demonstrate that type of control 
measure is largely determined by the physiological specialization in the 
parasite. Disease resistance becomes very important with secondary con- 
sideration to methods of avoiding the pathogen or reducing its pre- 
valence. Crop rotation is important and avoidance of vectors is a major 
consideration. 

Tile same series of changes may be observed in disease-prevention 
measures for the pathogens of aerial organs (class 5). In the least 
specialized leaf blights, efforts arc made to avoid the pathogen by choice 
of sites and planting dates, but most of the control revolves around use 
of chemicals to reduce the prevalence of the parasite. A great many of 
the leaf blights and downy mildews are sufficiently specialized so they 
c,in be avoided by use of disease-resistant or tolerant varieties. The em- 
phasis upon disease-resistant or even immune varieties increases as 
obligate parasites arc examined. Tlic more highly specialized pathogens 
of the utilization system of the plant (class 6) such as the smuts, the 
po\\dciy' mildews, rusts, and viruses are very susceptible to hereditary 
changes in the physiology' of the host. 

Although there are minor exceptions to the sweeping generalities 
made here, it is interesting that a classification of disease based on the 
phy siology of pathogenesis leads to such an orderly understanding of 
iscase-control measures. This is not a surprising revelation because the 
system aligns the parasites in a more or less orderly fashion according 
to the specialization in their p.arasitic abilities. 

Tlie pathogen that is divorced from its susceptible host most of the 
time IS \cry susceplihlc to changes in the environment. Tliose that 
destroy the host most readily when it is handicapped by unfavorable 
i nsironmcnl .ire less destructive when conditions arc made favorable to 
the hosts groulh. Tlic par.isilc that is exposed on a leaf, even for 
)rie periot m moving from leaf or twig to new stisccptible tissue, can 
Ik? suppressed by clicmicals; but if it is so highly specialized that it 
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has no existence apart from its host, the metabolism of the host cell is 
the dominant feature in determining how successful its parasitism will 
be. Such parasites are most readily suppressed by use of resistant 
varieties. 


IX. Discussion and Summary 

When the eflBciency of a plant is so reduced that it cannot make 
maximum use of the factors of its environment for growth and repro- 
duction, that plant must be considered as diseased. Efficiency may be 
impaired by disrupting any one or more of the several basic physiological 
processes involved in the synthesis and utilization of foodstuffs. There- 
fore, plant disease is essentially a physiological process of the plant 
regardless of whether it is incited by physiogenic or pathogenic agents 
in the environment. 

Most plant diseases are caused by pathogens, so pathogenesis is of 
major concern. Pathogenesis is the result, in many but not all diseases, 
of a parasitic establishment. The direct effects of parasitism, however, 
may be rather mild even though the loss of food materials does consti- 
tute a drain on the host’s efficiency. However, the further exacerbation 
of disease condition is more often due to the foreign chemicals produced 
either by the pathogen or the invaded tissues. Extracellular materials 
such as the enzymes that dissolve cell walls, the toxins that poison 
metabolic processes of the cell, or the growth regulants that influence the 
rate of cell multiplication and differentiation are vitally important in 
determining pathogenesis in plants. 

The postulate is advanced that parasites are in a constant process of 
evolution in which they progress from nonparasitic associative relations 
with tile host through facultative saprophytism and parasitism to obli- 
gate parasitism. Simultaneously, there is a reduction in the tendency to 
destroy host cells by secreting digestive enzymes and the pathogen tends 
to become associated with the host cell in a compatible arrangement. 
The habitat of the parasite in the host changes from a general cell 
invasion to a more specific intercellular establishment. The ultimate in 
parasitism is found as an intercellular invasion with haustorfa in the 
cell or even an external habit with haustoria in the host cell as in the 
Erysiphaceae. 

Concurrently with these changes, the host becomes more responsive 
or even actively reactive to invasion so that in the more advanced t>pcs 
of parasitism there is an essentially commensal stale existing bclv eon 
host and parasite. Tlie parasite curbs its destructiveness (p.athogcnic/t>') 
and seeks out a compatible intracellular association where it can proCTire 
food or regulate cell activities from a point of contact nc.ar to the host 
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nucleus. In the most advanced stages of evolution the parasite regulates 
activities of the host cell for its own gain, and may even be commensal 


with it. 

There is substantial evidence in support of this hypothesis that 
parasitism evolves toward commensalism by increased specialization and 
skillful change in the type of disease-inducing chemicals released. The 
host and parasite come into a balanced state either by physiological 
adjustment on the part of the parasite or by selective hereditary changes 
in the host. An understanding of this process of evolution in parasitism 
seems to be a prerequisite to formulation of programs for disease control. 

The specialization of the parasite apparently depends upon the 
intricacy of the host function that it aEects. The destruction of a food 
reserve or digestion of a dead cellulose cell in wood or fiber can be 


achieved by any saprophyte with the proper enzymes provided it has 
tolerance for the cell environment. The general destruction of nutritious 
cortical cells in the seedling tissue or in roots, so as to prevent estab- 
lishment of water-procuring organs, is only one stage more specialized. 
However, selective invasion of special cells such as the tracheal tubes 
and use of the nutrients of the tracheal sap necessitate much more 
specialization. The parasite sacrifices a measure of its independence 
and becomes more dependent upon the host’s physiology. With only 
minor variations this specialization becomes intensified as the pathogens 
become more adept at operating on or in the cells that are actively 
photosynthcsizing foodstuffs where they cause various forms of leaf 
ig t. Any interference in the transport and assimilation of foods into 
new cells and tissues without outright destruction of the tissues consti- 
tutes a very delicate adjustment, particularly when the metabolism of 
le ce IS a tered or growth processes are changed as occurs in various 
regulatory diseases such as viruses. 

men diseases are classified into six groups according to this scheme, 
It ion concern for the taxonomic classification of the parasite or the 
fn unr'l ‘n™'''ed, the orderly arrangement proves very valuable 

hnu th^ Examples were offered to show 
,1 e used to explain much of the influence of environ- 

differontlv 1 isease, why host nutrition affects various diseases 

d stasc com parasitism, and what sort of 

disease-control prae ices are preferred for different diseases. 

plant diseasL would casTnew Si”' knowledge on 

svstcm is Insert er, i • ^ ^ considerations because the 

sitism and mthnrr ^ considerations that are basic to para- 

sitism and pathogenesis. Because this approach reaches beyond super- 
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ficial trivialities and provides basic principles, it should be valuable in 
organizing research and in teaching the principles of plant pathology 
It is easier to remember details and judge cucumstances when they are 
coordinated in a logical scheme rather than as isolated events 

Only the most prunitive effort can be made today to classify diseases 
as physiological functions of parasitism because so little is known about 
the biochemistry of disease processes (pathogenesis) This is to be 
regretted very deeply because it prevents maximum progress in solving 
disease problems in plants Probably an equally great disservice is being 
performed for other professions because knowledge of the basis of 
pathogenicity could east much light upon physiology of plants in general 

Indicative of the great contributions that plant pathologists could 
provide the world by intensive research on the physiology of patho 
genesis are such achievements of the past as the studies on the pectinase 
enzymes in vegetable soft rots by Jones (1909), the development of 
new classes of plant growth regulants in the gibberelhns isolated from 
the bakane disease of nee by Kurosawa (Stowe and Yamaki, 1957), 
the new concept of an autocatalytic growth incitant m c^o^vn gall by 
Braun and Mandle (1948), and the discovery of a new ammo acid 
(tabtoximne) in the toxin from wildfire of tobacco by Woolley et al 
(1952b) 

Such knowledge has significance far beyond the boundaries of p?ant 
pathology Hundreds and possibly thousands of such secrets are hidden 
in the galls, the blights, the rots, the pigment changes, the abscission 
of leaves, and many other symptoms These mechanisms of pathogenesis 
could be the key to an understanding of cancer or could cast neu light 
on the forces that make plant cells grow and differentiate into new 
tissues 

Never was the time better for launching investigations of this sort 
The chemists and physicists liave placed at the disposal of biologists 
new techniques and anal>tical fools that are most expedient and reliable 
There is no longer any sound excuse for not in\cstigatmg the ammo 
acids, the orgcanic acids, the koto acids, the sugars, the grow lli regulants, 
the pigments, the toxins, or an> other class of chemicals wherc\cr the 
imagination would lead an investigator 

Tlie tools of paper cliromalograpli>, column chromatograpliv , electro 
phoresis, paper lonophoresis, ultraviolet and infrared spcctrophotomolrv . 
and many others await full use in this field Tlicv arc the means of 
gaming a full understanding of the forces behind pathogenesis ^^'ltll 
understanding far better than that proposed above, will come progress 
m altering the metabolism of the host so as to incite acquired resist met 
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nucleus In the most advanced stages of evolution the parasite regulates 
activities of the host cell for its own gam, and may even be commensal 


with it 

There is substantial evidence in support of this hypothesis that 
parasitism evolves toward commensalism by increased specialization and 
skillful change m the type of disease mducmg chemicals released The 
host and parasite come into a balanced state either by physiological 
adjustment on the part of the parasite or by selective hereditary changes 
in the host An understandmg of this process of evolution in parasitism 
seems to be a prerequisite to formulation of programs for disease control 
The speciahzation of the parasite apparently depends upon the 
intricacy of the host function that it affects The destruction of a food 
reserve or digestion of a dead cellulose cell m wood or fiber can be 
achieved by any saprophyte with the proper enzymes provided it has 
tolerance for the cell environment The general destruction of nutritious 
cortical cells in the seedling tissue or in roots, so as to prevent estab 
lishment of water procuring organs, is only one stage more specialized 
However, selective invasion of special cells such as the tracheal tubes 


and use of the nutrients of the tracheal sap necessitate much more 
specialization The parasite sacrifices a measure of its independence 
and becomes more dependent upon the host's physiology With only 
minor variations this specialization becomes intensified as the pathogens 
become more adept at operating on or in the cells that are actively 
photosynthesizing foodstuffs where they cause various forms of leaf 
blight Any interference m the transport and assimilation of foods into 
new cells and tissues without outright destruction of the tissues consti 
tutes a very delicate adjustment, particularly when the metabolism of 
1 1 C ce 1 IS altered or growth processes are changed as occurs m various 
regulatory diseases such as viruses 

Wicn diseases are classified into six groups according to this scheme, 
Mithout concern for the taxonomic classification of the parasite or the 
par icu ar losts involved, the orderly arrangement proves very valuable 
m understanding the nature of disease Examples were offered to show 
explain much of the influence of environ 
diffpremr'^l "'V host nutrition affects various diseases 

dispnsp pn’i '"i " genetics influence parasitism, and what sort of 
disease control practices are preferred for different diseases 

nlant dispp p system of organizing the knowledge on 

51^11 has 'i'”' “nsiderations because the 

t m and na^f "" P'-'s.ological considerations that are basic to para 
m a pathogenesis Because this approach reaches beyond super- 
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to parasites, m developing new chemicals to inhibit pathogens or al 
leviate their damage, and in improving the processes of breedmg for 
inherited resistance 
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I Differences between Viruses and Organisms 
Perhaps the best way to introduce our subject is to devote a few 
sentences to considering wliy the multiplication of viruses needs to be 
described and discussed separately from the multiplication of pathogenic 
fungi and bacteria The reasons are simple but fundamental, they do not 
he m the fact tliat different techniques need to be used to study viruses 
but in the fact that viruses are structurally and metabolically different 
from even the smallest micioorganism At least this is true of all the 
viruses about whose constitution anytiiing precise is Jaio^vn and our 
discussion will mainly be restricted to these Because of this restriction 
It IS advisable at the start to interpolate a cautionary note about the 
dangers of generalization The viruses whose chemical nature has been 
determined cover a variety of types differing considerably in host range 
71 
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stability, and methods of transmission, and the fact that they have all 
proved so similar certainly means that many others will also resemble 
them, but it is still premature to assume that they arc representative of 
the whole group, and there may be other types, some perhaps more 
nearly resembling organisms. 

For the first 40 or so years after the existence of viruses was first 
recognized, there wcic only two features that separated them from 
pathogenic organisms. One was their invisibility under high powers of 
light microscopes and the other their apparent inability to multiply on 
artificial media. Neither necessitated the conclusion that virus multipli- 
cation must be a different process from the growth and fission of cells, 
for there were many unequivocal organisms tliat seemed to be obligate 
parasites and there were also saprophytes not much larger than the 
minimum size that is clearly resolved by microscopes using visible 
light. Against these two essentially negative features could be placed 
the positive similarities with organisms, the indisputable facts that 
viruses multiply readily in susceptible living cells, and that, although 
like usually begot like, multiplication occasionally led to offspring 
differing in pathogenic properties from its parent. Ability to multiply 
and vary are generally accepted as prime characters of living systems, so 
it is hardly surprismg that, despite a few dissentient voices, the most 
generally held view was that viruses were, in essence, ultramicroscopic 
organisms and that they probably multiplied by a process similar to 
binary fission. 


In the 1930 s, however, information about the chemical constitution 
and structure of viruses began to accrue as, increasingly, the methods 
that previously had proved successful in the isolation and study of 
enzymes were applied to extracts from virus-infected plants. This in- 
formation made it almost immediately apparent that analogies with 
bacteria were wholly inapt and that viruses represented an altogether 
diiterent kind of biological category. The first advance, as often happens, 
came trom work with tobacco mosaic virus, when it was shown that 
mtected plants contained large quantities of a specific nucleoprotein, 
prep^ations of which were infective at high dilutions. That tobacco 
mosaic virus was not exceptional was soon demonstrated, for plants 
infected separately with one of several other viruses were also shoxvn 
to contain specific and characteristic nucleoproteins. There is no call 
nnXr I to identify these 

rPcnlT f ^ themselves; it will suffice to say tliat 

esults from many kinds of experiments related the two and that, al- 

l-r justifiably say that the evidence of identity 

still falls short of proof, it can be categorically stated that, if these 
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nucleoprotcins are not the viruses themselves, then tlic viruses must be 
even simpler entities and be even less similar to organisms. I shall take 
the now generally accepted view, and tlic one favored by all the evi- 
dence, that these nucleoprotcins are the viruses. 

Wlien purified preparations of plant viruses were first obtained, the 
abilit)' of some to form crj’stals or liquid cn’stnh seemed to arouse more 
interest than did their chemical nature. TIic main biological significance 
of cr>'stal formation was, however, simply to indicate a uniformity of 
particle size that would bo unusual with organisms and that seems 
incompatible with multiplication by binary fission, that is by particles 
growing and then dividing into two. Hie main value of crj'staliization, 
apart from its use to fractionate preparations, was that it allowed the 
tccliniqucs of X-ray diffraction to be applied to the study of viruses. 
These techniques not only provided the first accurate and direct measure- 
ments on the size of virus particles, but, more important, gave in- 
formation on their internal structure. Tlicy showed that the particles 
were composed of similar units, repealing in space with a three-dimen- 
sional regularity, very different from the continuously varying structure 
inside a living cell. Indeed, it was then clear that, in their chemical 
simplicity, consisting as they do of only two components, nucleic acid 
and protein, and in tlioir fived pattern of structure, these virus particles 
were more nearly analogous to single components of cells than to the 
complex organization characteristic of whole cells. Further work has 
strengthened this conclusion and has failed to reveal any enzymes or 
metabolic activities intrinsic to tlie virus particles. As they are formed 
only in environments in which other nucleoprofeins can be synthesized, 
they seem to depend on their hosts, not simply for a supply of the 
materials from which they are made, but also largely for the systems that 
make these materials. 

The old concept of a virus disease as the result of one organism 
preying on another cannot be fitted to modem knowledge; instead, it 
must be replaced by the idea of virus multiplication as a derangement 
of the nucleoprotein metabolism of the host, with infection changing 
the cell’s metabolism and leading to different end products of its 
synthesis. The viruses are not simply parasites drawing food from 
their hosts; the relationship behveen the two is much more intimate than 
that and, in effect, the viruses become determinant parts of the host cell 
and their multiplication is one sequel of the metabolism of the whole 
cell. 

In uninfected cells, protein synthesis is closely correlated with and 
dependent on the synthesis of nucleic acid, and it is the intrusion of the 
virus nucleic acid into host cells that seems to be the prime factor in 



74 


r. C. BAWDCJf 


disturbing their metabolism. For some 20 years after viruses were first 
identified as nucleoproteins, these cliaracteristic nuclcoprotein particles 
seemed to be self-replicating and to be the minimum requirements for 
initiating infection. Recent work witli tobacco mosaic virus, however, 
makes this idea untenable, for it has shown that preparations free from 
any of the characteristic rod-shaped particles of nuclcoprotein, and con- 
sisting largely and possibly exclusively of nucleic acid, can be infective. 
Hence, the protein as such does not multiply, whereas the nucleic acid 
seems not only to reproduce itself, but also to be responsible for synthe- 
sizing the characteristic protein that normally accompanies it in the com- 
plete virus particles. 


II. The Constitution and Sthuctuhe of VmusES 


Direct observations on the mechanisms involved in virus multiplica- 
tion are made impossible by the facts that viruses are not resolved by 
microscopes that use visible light and that they multiply only intra- 
cellularly. That they can be resolved by electron microscopes is helpful 
to only a limited extent because the insides of living cells are not 
susceptible to exploration by electron microscopy. Improvements in the 
techniques of preparing ultrathin sections of cells may ultimately allow 
electron microscopy to provide unequivocal evidence about the sequence 
of events that is initiated by infection, but at present these can only be 
inferred from indirect evidence. Any discussion of the means whereby 
viruses multiply, therefore, must of necessity be speculative, based on 
a knowledge of their constitution and structure, of the factors that affect 
multiplication and of the specific products that can be identified in 
m ®cte ce s. For some kinds of work, bacterial viruses are much more 
amenable to study than are viruses that infect higher plants, and for 
even a rough outline sketch of the multiplication of viruses in higher 
plants we must rely greatly on analogies with bacterial viruses. First, 
^o^sider what is known about the constitution and struc- 
^ necessary background to understanding what virus 
multiplication necessitates. ^ 


in purified to the state 

to significance all have been found 

acid Somp nUh contain only protein and ribonucleic 

eloneateT som """ Particles, others are 

of n^cTpr ^f™Sly rigid rods, and some flexible filaments. The 
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nrticL sth a, fh “ I" with elongLed 

a™ts to onW ^ Y. the nucleic acid 

ounts to only ot the weight of the particles; in the spherical 



3. THE MULTIPUCATION OF VIRUSES 


75 


viruses, it is considerably more, and ranges from 15% in alfalfa mosaic, 
to 18% in tomato bushy stunt and tobacco necrosis, 21% in southern bean 
mosaic, 35% in turnip yellow mosaic and 40% in tobacco ring spot virus 
(Knight, 1954). t 

All viruses yet analyzed from flowering plants contain ribonucleic 
acid, but this is not true of all viruses. All the bacterial viruses examined 
contain deoxyribonucleic acid, as also do many viruses that cause poly- 
hedral diseases of various species of insects; these all have considerably 
larger particles than the plant viruses known to contain ribonucleic acid, 
and in this respect they resemble some other plant viruses such as 
potato yellow dwarf and wound tumor, which multiply not only in 
plants but also in the insect vectors (leaf hoppers) that spread them 
from plant to plant (Black, 1955). Unfortunately, these large plant 
viruses are unstable and do not occur in either plant or insect host in 
high concentration, and their constitution is unknown. I mention them 
here to stress again the fact that the kinds of viruses with which I shall 
later be concerned may not be representative of the whole group; there 
is the obvious possibility that these large ones may differ chemically from 
the small viruses, and even if not more complex in the sense of contain- 
ing more than t\vo components, they may perhaps contain deoxyribo- 
nucleic acid instead of ribonucleic acid. The main chemical differences 
between the two kinds, lie in the identity of the sugar, ribose m one and 
deoxyribose in the other, and that the pyrimidine uracil in ribonucleic 
acid is replaced by thymine in deoxyribonucleic acid. 


A. Chemical Analysis 

There are various ways in which the protein and nucleic acid of the 
small plant viruses can be separated, and detailed analyses have been 
made on the two components from some. Tlie contents of various amino 
acids in the protein moiety from several strains of tobacco mosaic virus 
have been determined, and it is clear that those that are similar in their 
physical properties and are closely related serologically also have very 
similar amino acid constitutions. Strains that differ in physical properties 
and have many distinctive antigenic groups, however, also contain dif- 
ferent quantities of individual amino acids and some strai^ contain an 
amino acid that does not occur in others (Knight, 19o4). This does no 
mean that single genetic changes are immediately reflected in a qua^' 
tative change in the amino acid composition of the protein; deed the 
kinds of change most often reported, such as from tj-pe tobacco mosaic 
virus to the masked strain, or from yellow to green 
aucuba mosaic virus, do not measurably affect the ammo acid composi- 

tion (Table I). 
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Differences have been detected mainly between naturally occurring 
strains of the virus whose origins are obscure, but there are also examples 
of what seem to be mutant forms differing in their ammo acid constitu 
tion from their parent types, for example, strain U2 differs from type 
TMV (Siegel and Wildman, 1954) and the bean form of cowpea mosaic 
virus contams histidine, which does not occur m tlie tobacco form 

Table I 

The Amino Acid Content op Sthains of Tobacco Mosaic and 
Tomato Bushy Stunt Viduses ® 

Tobacco mosaic Tomato bushy stunt 

strains strains 


Ammo acid 

T 

M 

GA 

YA 

R 

CV4 

3 

9 

10 

Alanme 

41 

42 

41 

41 

51 

49 

47 

49 

48 

Argmme 

88 

89 

100 

10 0 

10 0 

83 

57 

59 

57 

Aspartic acid 

117 

117 

117 

117 

109 

113 

92 

95 

92 

Cy Sterne 

06 

06 

06 

06 

06 

00 

06 

06 

06 

Glutamic acid 

99 

100 

100 

10 0 

13 6 

57 

50 

51 

49 

Glycine 

14 

14 

15 

15 

10 

1 1 

40 

42 

41 

Histidine 

00 

00 

00 

00 

06 

00 

12 

18 

12 

Isoleucine 

57 

57 

49 

49 

51 

40 

27 

30 

27 

Leucine 

80 

80 

80 

80 

80 

81 

89 

91 

89 

Lysme 

13 

13 

13 

13 

13 

2 1 

31 

31 

31 

Methionme 

00 

00 

00 

00 

1 9 

00 

07 

09 

10 

Phenylalanme 

75 

75 

75 

75 

48 

87 

37 

39 

37 

Pfolme 

49 

49 

49 

49 

49 

48 

28 

27 

27 

Serme 

60 

60 

60 

60 

47 

78 

56 

53 

55 

Threomne 

84 

84 

84 

84 

70 

59 

8 1 

82 

80 

Tryptophan 

19 

19 

19 

19 

13 

05 

06 

06 

06 

Tyrosme 

34 

34 

34 

34 

61 

33 

3 1 

34 

33 

Valine 

78 

78 

78 

78 

53 

75 

73 

70 

72 


The results are from Knight (1954) and De Fremery and Knight (1955) and 
ate caressed m terms of gm of aimno acid residue per 100 gm of virus SUams 
of tobacco mosaic virus are T = type M = masked GA and YA = green and 
yellow tomato aueuba H = ribgrass CV4 = cucumber virus 4 


(Bawden 1958) Tomato bushy stunt vims has an ammo acid composi 
ion very i erent from that of tobacco mosaic virus and various strains 
o It did not differ delectably (De Fremery and Knight 1955) 

le mo ar proportions of the bases adenine, guanine, cytosine, and 
nucleic acids of five vimses are given in Fig f 
(Markham, 1953), which shoxvs that each vuus contams the four m 
liferent proportions By contrast when related strams of one virus 
have been analyzed, no differences have been detected in the proper 
lions in which the different bases occur The one exception to th>s 
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statement is cucumber virus 3, which is remotely related to tobacco 
mosaic virus, but contains more uracil and less adenine (Knight, 1954). 
The characteristic properties of different types of viruses, then, seem to 
be correlated with a nucleic acid containing characteristic amounts of 
the purine and pyrimidine bases, but there is no evidence that variations 
within types depend on quantitative changes in the components of the 
nucleic acid. Hence, there can be large quantitative differences in the 
amino acid constitution that are not reflected in comparable changes m 
the purines and pyrimidines. 

As the identity of the protein is determined by the nucleic acid, 
clearly this must differ in different strains and change when a virus 
“mutates” in tlie course of multiplying. Quantitative changes in the 


00 ' 







Fig 1 The molar proportions of the bases adenme {open), guanine (diagonal 
shading), 'cytosine (sohd), and uracil (dots) in ribonucleic acids from five plant 
viruses: (a) tobacco necrosis (bean stipple streak), (b) tomato bushy stunt (c) 
turnip yellow mosaic, (d) an average potato virus X. (e) a representative tobacco 
mosaic (tomato mosaic). 


amounts of individual purines or pyrimidines too small to be detected 
by current analyses could be responsible, but there is no need to suspect 
anything other than qualitative differences. Analysis of the relative 
proportions of the four nucleotides gives only a part of the mfomation 
about the structure of the nucleic acids, and biological specificity is as 
likely to depend on the order in which the nucleotides are arranged as 
on their relative proportions. And, with four different kinds of nucleo- 
tides, and a total of a thousand or so in the nucleic acid in 

one virus particle, there are more than ample opportunities for different 

•“".hSx™*.,.. i~» «- i«.w 

.ad ,h., 1. * *• 

viruses seem to be made from tne same kiuo. u 
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same ammo acids and nucleotides, as make up “normal” proteins and 
nucleic acids As they contain no bizarre substances, there is no call for 
infection to create any new synthetic systems in the host cells, but only 
to diveit into virus particles substances the cells already make and that 
otherwise could have formed host components The lack of any unique 
components again indicates the importance of structural arrangements 
in determining biological characters, for viruses act as viruses, not 
simply because of what they contain, but because of the way m which 
their contents are put together As bricks, mortar, and windows might 
be used to make a house, factory, or church, so amino acids and nucleo 
tides can be arranged in different ways to give end products of different 
sizes and with different functions 


Again, though, a word of caution is needed against generalization 
The fact that tobacco mosaic virus contains no unusual components docs 
not mean that all plant viruses are free from them, already it is known 
that the nucleic acid of the bacteriophages T2, T4, and T6 of Lschencho 
coll contain, instead of the cytosine usual to deoxyribonucleic acid, the 
base 5 hydroxymethylcytosme, which has not been observed m any other 
virus or m the nucleic acids from any cell, including the host bacterium 
t 0 en 5) Hence unusual bases do occur in some virus nucleic 
icids and viruses that contain them stimulate the synthesis of these bases 
vnmes h'’^“^ normally do not occur As only a small minority of 
comnonen? ''l *0^6 With UnUSUlI 

vvh^some Jrr d'seovered, and there seems no reason 

cmistiZon ’7 However, the 

crcluron “"^ftoents. and further evidence for this 

X to centamX by bacteriophages T3 and T5 of E aoU. which 
ne and their nucleic acid has the usual cytosine 


B The Size and Arrangement of Subunits 

methods of calcuTahnT tobacco mosaic viruses also provide 

built The enzvme subunits from which the protein is 

residues of peptide chainweteseX Mrolyzes the C tormmal 

mosaic virus tested vv.fbn i a d>reonine from all strams of tobacco 

1933) If each threonine rLdt^^erelse'd'if X ^ 

peptide chain and the mean weivhr nf ° assumed to represent one 

lent to a molecular weight of ^ ®‘iuiva 

molecular weight equivalent to aX^^ITOToXri T’^f would have a 

of cysteine, the ammo acid present m , ®™''arly from the content 
acm present in least amount a subunit of 18 000 
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can be calculated on the assumption of one cysteine molecule per sub 
imit (Knight, 1954) 

Information on the way m which the subunits are put together comes 
from X ray diffraction studies These show, and there is supportmg evi 
dence from electron microscopy, that the seemingly rigid rod of tobacco 
mosaic virus is a hollow tube of maximum radius of about 9 m/i, and 
that the subunits are set m a spiral about the long axis of the particle 
with, probably, 49 units m three turns of the spiral The tube seems to 
be Imed with protein and the nudeic acid has its phosphate sugar chain 
at a radial distance of 4 m/j. where it is deeply embedded m protein 
with its cham duecUon related to the spual arrangement of the protein 
units (Franklin et al , 1957) The position of the nucleic acid seems 
established, not only by measurements on mtact virus particles but by 
comparisons of these with morphologically similar lods that can be made 
by reaggregating disaggregated protem When the virus is treated with 
alkali at pH 10 5 the protein breaks down into fragments with average 
molecular weight of about 100,000, probably six of the subunits, the 
nucleic acid separates from the protem and it can be removed by electro 
phoresis When the protem preparation is acidified rods form that m the 
electron microscope resemble normal virus particles (Schramm 1947), 
but these have a density minimum at a radial distance of 4 m/t instead 
of the density maximum found by X rays m the nucleoprotein particles 

That the nucleic acid is carried toward the center of the particle of 
tobacco mosaic virus is also suggested by examining disrupted particles 
with the electron microscope In alkali treated preparations from which 
the nucleic acid has been removed fragments occur of the general size 
and shape of the cross section of vuais particles but with central holes 
presumably the sites of nucleic acid in intact particles (Scliramm et al, 
1955 Fraenkel Conrat and Williams 1955) Such preparations and those 
dried while frozen (Stahmann and Kaesberg 1955), also sometimes 
show particles that have broken transversely, with some fragments in 
completely separated longitudmally and joined m their centers y 

threads presumably nucleic acid Positive evidence that such threads 

are nucleic acid was provided by Hart (1955) who found that treating 
virus preparations with sodium dodecyl sulfate m appropriate condition 
produces rods with degraded ends from which Protrudes a co^ of 
material that is destroyed by pancreatic nbonuclease but not by trypsin 
or deoxyribonuclease 

C Fragnentctwn end neassemhhj of Tobacco Uosme Vm.s 

Tins work on the d.sruphon of tobncco ^ 

the subject of virus multiplication for several reasons First it goes 
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indication of the relative roles of virus and nucleic acid, and secondly, 
it provides a picture of how tlie virus particles may be put together 
m vivo. All treatments that disrupt the virus particles lead to an imme- 
diate great loss of infectivity and most to the complete loss of this 
property. However, preparations disrupted hy phenol (Gierer and 
Schramm, 1956) or by sodium dodecyl sulfate (Fraenkel-Conrat, 1956) 
can still be infective after all the diaractcristic rodlike particles have 
been destroyed, the infectivity is now clearly associated with much less 
stable material than intact virus particles, because it is lost in a day or 
so at 18 and very rapidly in the presence of ribonucleases. Such prepara- 
tions consist largely and possibly exclusively of nucleic acid, and there 
IS little reason to suspect that the nucelic acid alone is not infective. Fer 
unit of phosphorus such preparations are only .about one-hundredth as 
intective as mtact virus particles, but the relative infectivity of the two 
on the physiological state of the plants on 
telotivo concentrations (Bawden 
.j Z"®’ , tJnion with the protein clearly prevents the nucleic 
maW ““hvated by many treatments in vitro and this fact 

Tdd it “ectivity of the separated nucleic 

show this fant^h*" ruisically as infective as intact virus but be unable to 
encountered dn becomes inactivated during the hazards 

the orotein ma inoculation to test leaves, hazards which 

me protem may well protect it against. 

n^rertt pro eta “17^0 de- 

to react sneciflrall ’ ^rl.^ 7 leaves the protein soluble and still able 
protata We have already seen that 

of dmvu to about 100 000 carbe^mar h "'“ghts 

morphologically resemhlin,r • reassemble into rods 

made to agTevartas 1 

tobacco mosaic virus (Frap7*l “"‘"‘"“S ■mcleic acid, whether from 
and Smith, 19561 nnrlp- Conrat, 1956) or other sources (Hart 

extent as in normal incorporated into the rods, to the same 

of a central core ( FraenkehCram7 Tw-n"'*’ “PP^^^'y. m the form 
tion of particles with the form and"'* Wdbams, 1955). The reconstitu- 
virus has been claimed to conta • t chemical constitution of the 
and protein, neither of which m^^twity on mixtures of nucleic acid 
reason to think , ha" ^rc 7’'T°“*>' ^ut there is little 

infective particles from the nrmc- removing 
of infection, or than stahili7 - which act as inhibitors 

stabilizing infective nucleic acid, which othenvise 
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would have become inactive before or during testing (Bawden and 
Pirie, 1957b). 

Our picture of virus formation, however, does not necessitate the 
ability to “create” infectivity in vitro. It is enough that particles with the 
morphology and gross constitution of the virus can be put together, for 
in vivo the nucleic acid will presumably usually be active. The big 
blank space in our picture is in the early steps of particle formation, 
because particles broken down by alkali to what seem to be the basic 
protein subunits, with molecular weight around 18,000, are not reaggre- 
gated into rods in vitro by treatments that aggregate those of about 
100,000. Also, of course, how the right amino acids get arranged in the 
right order to give the specific protein subunits, is something that can 
only be guessed at. It is a general problem of protein synthesis and one 
not specific to virus multiplication, and so, for a book on plant pathology, 
it will perhaps be enough to use some such ch’che as the necessary 
information is carried by the virus nucleic acid. We assume, then, that 
the intrusion of the virus nucleic acid into a host cell first changes the 
pattern of nucleic acid synthesis in the cell, so that more like itself is 
made, that this in turn changes the pattern of protein synthesis, so that 
the amino acids of the host cell are condensed into peptide chains of a 
new and specific form, and when these have built up to an adequate 
size they aggregate together in a spiral pattern with the nucleic acid, as 
in vitro, to give the characteristic stable rods. 


D. The Range of Anomalous Components in Extracts from 
Leaves Infected with Tobacco Mosaic Virus 
This picture of virus formation, largely derived from work on 
artiBcially fragmented virus, gains considerable support from the study 
and fractionation of extracts from infected plants. It has long been knmm 
that infective extracts do not contain a single type of anomalous panic e, 
but a range of serologically related particles varying in size and infec- 
tivity. and that the small ones readily aggregate m mtra into long md 
(Bawden and Pirie. 1945a). The smallest of 
do not sediment when the sap is 2 J 

no nucleic acid, have a different electrophoretic 
aucleoprotein, particles, and in many ways -semble the 
about 100,000 molecular weight 195^1953) Are they stages 

is disrupted by alkali 

in the synthesis of virus particles or d g virus content of 

particlerdo not occur in detectable ^^.[Z^eerto be 

recently infected leaves is already considerable, they might seem 
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breakdown products but this is far from conclusive (Commoner and 
Rodenbcrg, 1955, Bawdcn and Pine, 1956) Tlicy never form a large 
part of the total anomalous particles, so if they are produced more or 
less simultaneously with large particles, in the same ratio that the two 
occur late in infection, then the small ones could not be detected until 
the virus content of leaves was considerable Van Ryssclhergc and jeener 
(1955) have provided evidence suggesting that the small particles are 
probably stages in synthesis rather than degradation products They did 
this by experiments m which tobacco leaves infected for 3 days and in 
which the virus was increasing rapidly were exposed for short periods 
to C“Oj after which the leaves were macerated and the proteins m the 
sap separated into three fractions, normal leaf protein, the virus particles, 
and the sinall anomalous particles serologically related to the virus Tlie 
hrst and third fractions did not increase m amount during tlie course 
ot the experiment, hut the specific radioactivity of the third fraction 
increased by more than 60 times as much as did the normal leaf proteins 
small anomalous particles were being synthesized 
p dly, their total amount did not increase, but it can bo assumed that 
hey vvere being transformed equally rapidly into a different fraction 
that does accumulate, a role fulfilled by the rod shaped virus particles 

Sia un o L 1 '"‘Til*'*'? ■" “d 

stage’the Lo nucleic acid At this 

larSrodsWd nsr T “gg^ogo'o to give the 

very subtle require/ as mechanism is unknown, but nothing 

acidification or pvnn t Process can be simulated m vitro by 
protein rods are nee^d solution No ready-made 

process, and TthLe ! ^‘nrters for the 

process depends on and T ^ postulate that m vivo the 

nucleic acid alone multiplication can be initiated by 

serokg.cTmStmnshm1"r of their 

stahle^ui because 

acid, which does not react Lth w^ ° ^O’' *e nucleic 

specific identification tag, infectivi^™tn^ a™!"’ “‘l"'bich has only one 
nucleic acid Infectivity is lost * ‘^*j‘‘nSuish it from "normal 

is added to leaf sap, and so the uroH “""Jo purified nucleic acid 

acid in leaf extracts Te comldST "“"'o'" 

the insoluble nucleic acid increases m amount™*'’^ f reported that 

‘ ount in infected tobacco leaves 
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before tobacco mosaic virus occurs in them in large quantities and it 
then decreases as the amount of virus obtained in sap increases, sug- 
gesting tliat the increase might be in virus nucleic acid. By grinding 
leaves in liquid nitrogen at the time when the virus is increasing rapidly, 
Cochran and Chidcster (1957) state that they obtained extracts from 
which infective nucleic acid preparations could be made. As there is no 
reason to assume this came from disrupted virus, it provides presumptive 
evidence of the virus nucleic acid occurring in the leaves free from its 
protein, and so studies with each component independently suggest that 
the two are synthesized separately. The most striking effect from com- 
bining the two that has yet been noted is to stabilize the fragile nucleic 
acid against many tilings that inactivate it when it is free. However, the 
fully assembled particles may well have many properties different from 
those of the separated components, indeed, the union may also stabilize 
the protein, for the rod-shaped particles assembled in vitro from protem 
alone disaggregate when the pH is raised more readily than do reassem- 
bled rods that also contain nucleic acid. 


E. Infections with Viruses Other than Tobacco Mosaic Virus 
No other plant virus has been studied to anything like the same extent 
as tobacco mosaic, so it is impossible to be sure that the picture already 
dra\vn applies at all generally. However, there are features of several 
that suggest a similar behavior. For example. X-ray analysis of other 
elongated and spherical viruses shows that these_ are composed ot 
repeating units comparable to those in tobacco mosaic ^ 

is good reason to think that the nucleic acid is carrie interna^ y m 
some of them. Potato virus X is readily hydrolyzed by proteolytic en- 
zymes, whereas the nucleic acid, which is readily hydrolyzed by pan- 
creatic ribonuclease when it is freed from the protein, is unaffected by 
this enzyme when intact particles are incubated with it (Bawden and 

Kleczkowski, 1948). uc 

The spherical virus, turnip yellow mosaic, a so seems to cariy its 
nucleic acid inside a protein shell. Exttacts from mfected " 

two kinds of anomalous particles, ot the same size but ^ diffe ent 
weights and so they can be separated by differential centrffuga ion 

(Mfrhham and Smith, 1949). 0”« d °^fislfe rtive 

only, the other of nucleoprotein, and only the f t 

Both kinds of particles have the 
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radioactivity several times greater than the nuclcoprotcin particles, a 
result that seems to preclude the idea that the protein is a virus 
degradation product and suggesting that it is more probably an inter- 
mediary in the formation of virus particles. However, as a considerable 
proportion of the total anomalous protein in e\tracts from infected plants 
occurs as protein-only particles, even when the virus content of loaves 
is no longer increasing rapidly, it seems doubtful that all such protein 
does become incorporated into completed virus. 

There is evidence with most virus diseases that have been studied in 
any detail that extracts of infected leaves contain more than one specific 
product of infection. In infections with tomato bushy stunt virus, the 
multiplicity of products has been shown by serological tests using the 
gel-diffusion technique ( Kleczkowslci, 1957); in infections witli potato 
virus X, by the occurrence of more than one component detectable by 
electrophoresis (Bawden and Kleczkowski, 1957); and in infections with 
the Rothamsted tobacco necrosis virus by the differences in the ratio of 
infectivity to serological activity between different virus preparations 
(Bawden and Pirie, 1945b, 1957a). The nature of some of these products 
has still to be determined, but those that are serologically active can be 
assumed to be protein or nucleoprotein. Infectivity so far has always 
been associated with nucleoprotein or nucleic acid, but not all nucleo- 
protein particles with the gross morphology and chemical constitution 
of infective particles are infective (Bawden and Pirie, 1945a, b. 1956, 
1957a). 


The origin and biological significance of most of these noninfective 
particles is obscure Some of them, as we have already seen, are possibly 
stages in the synthesis of virus particles, but others may equally represent 
breakdown products of virus or inactivated virus, and others may be 
concomitant prod^ts of virus synthesis that were never destined to 
ecome in ective. lere is no need to assume that the multiplication of 
viruses must inevitably run smoothly from the initiation of the infection 
no T ""1 identical particles and with 

manTonnoim?!- T''* 

1 r ™ components to be 

w h turn n vTl protein-only particles in plants infected 

le d Ssfs n l 
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the inclusion of nucleic Sd'' Nor ^ preclude 
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between synthesis and degradation, and the occurrence and detection 
of particles, whether infective virus, sjnthetic intermediaries, or fiag~ 
mented virus, will depend primarily on their stability in the cells and in 
the extracts from them Leaf extracts contain nucleases that rapidly 
inactivate tobacco mosaic virus nucleic acid, but their proteases do not 
readily hydrolyze the protein fragments, it is, therefore, not surprising 
that free protein is easily detectable but the nucleic acid not Tobacco 
leaf extracts also contain systems that can mactivate the Rothamsted 
tobacco necrosis virus without disrupting it and so the occurrence in 
them of nonmfective nucleoprotem is also not imexpected (Bawden and 
Pine, 1945a, 1957a) 


III Analogies with Bacteriophages 


That the speculative picture of the m vitro formation of tobacco 
mosaic Virus, drawn in Section 11, may not be too far from reality is 
suggested by what is knowm of the behavior of T2 bacteriophage Also, 
as these two such chemically and morphologically dissimilar viruses 
share so many common features, it is reasonable to think that the picture, 
at least in outline, will also apply to many others So much has been 
found out about T2 that it is worth considering in some detail to seek 
suggestions about stages in virus multiplication that are still obscure 
With viruses of higher plants 

T2 is a tadpole or sperm shaped particle consisting of almost equal 
amounts of protein and deoxyribonucleic acid The protein is mainly or 
wholly confined to the tail and to a membrane around the head from 
which the nucleic acid can be removed by osmotic shock to produce a 
ghostlike particle The particles attach themselves to host bacteria by 
their tads, at first loosely but then Brmly The power of speciBc attach- 
ment to the bacteria is possessed by the protein “ghosts,” which also 
contain most or all of the specific antigens of the virus Infection occurs 
by the tail dissolving a hole in the cell wall, through which the nucleic 
acid and little else passes, and the “ghosts” remain attached to the out- 


side of the bacteria 

This ability to mfect its host unaided is perhaps the most striking 
difference between the bacterial vmises and those that affect higher 
plants, all of which seem to need a vector to pierce their host’s cuticle 
before they can infect Hoswer, once inside a leaf, the plant viruses do 
move from cell to cell and tlieir protem may play a part m tins movement 
analogous to that of the bacteriophage tail Also, tliere are many rom- 
ponents m leaf cells, plastids, nucleus, microsomes, and the hho, which 
are as large or larger than bacteria, it is not yet Icnown vhere m cells 
plant viruses multiply, but if it is m one of these components, the pro 
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tern of the virus m'ly aid its entry or at least serve the function of getting 
the nucleic acid to the cell component unharmed by the cell nucleases 
Some leaf cells are hilled by infection, for e\ample the mesopbyll of 
Nicotiana glutinosa by tobacco mosaic virus, and by analogy with the 
ability of bacteriophage ghosts to dissolve bacterial cell walls, it is 
reasonable to suspect the virus protein to be responsible 

There is no direct evidence tliat the protein of tobacco mosaic virus 
serves any function other than safeguarding the nucleic acid, but that it 
may combine with something m plant cells as an essential step toward 
infection is suggested by the ability of protein fragments to inhibit 
infection by normal virus (Bawden and Pine, 1957b) There is a similar 
specific inhibition by virus inactivated with ultraviolet radiation, a treat- 
ment that probably mainly harms the nucleic acid (Bawden and 
Kleczkowski, 1953) However, the inhibition by neither of these materials 
IS as great as that by many other substances not chemically related to 
the virus protein, and knowledge of tlie mechanisms underlying the 
inhibition of infection is too slight for any specific interpretation 
That plant viruses do change their state drastically when causing 
infection is indicated by the results of experiments using ultraviolet 
radiation and pancreatic ribonuclease First this is indicated by the 
behavior of irradiated virus preparations Irradiation inactivates, but the 
residual mfectivity of irradiated preparations of some viruses is greater 
when the inoculated plants are kept in the light than when they are kept 
in ar ess This phenomenon, called photoreactivation, is shown 
prticularly strongly by potato virus X, which is, therefore, a suitable 
test object for studying it m detail (Bawden and Kleczkowski, 1955) 
Experiments with inoculated plants put in the light or dark at various 

Z “““'“t'on indicate three stages m 

*e condil.cn of the virus The Erst is the stable state of the particles m 
fte inilial inoculum, in which they are not susceptible to photoreactiva 
at 20” r Vr “ “T withm 15 minutes 
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however, do not remain infective when introduced into leaves during 
their resistant period; their inability to persist for the few hours before 
the leaves again become susceptible strongly suggests that the particles 
present in the inoculum must have lost their normal resistance to in- 
activation by cell constituents (Bawden and Kleczkowski, 1952). 

In speculating on the nature of the change that makes infecting virus 
particles less stable than they are in vitro, it may be significant that the 
time after inoculation of leaves— during which irradiated potato virus X 
remains susceptible to photoreactivation — is approximately the same as 
that during which ribonuclease can prevent infection from becoming 
established. This enzyme is a powerful inhibitor of infection when 
inoculated along witli any virus with which it has yet been tested 
(Loring, 1942, Kleczkowski, 1946); it hydrolyzes virus nucleic acids 
when separated from their proteins, but does not destroy intact virus 
particles in vitro. When applied to leaves after they have been in- 
oculated with virus, it inhibits infection less than when it is contained 
in inocula and its effect decreases with increasing delay between hi- 
oculation and its application; with a tobacco necrosis virus (Bawden 
and Harrison, 1935) and potato vims X (Bawden and Kleczkowski, 
1955) it ceased to have any effect within about 2 hours of inoculation 
when applied to the leaf surface, and with tobacco mosaic virus within 
6 hours when infiltrated into tobacco leaves (Casterman and Jeener, 
1955). The mechanism responsible for inhibiting infection is uncertain, 
but clearly some early step in die cycle of events is prevented and there 
seems no more likely explanation than the one advanced by Casterman 
and Jeener (1955) that the enzyme hydrolyzes the nucleic acid. For 
this to happen, the virus nucleic acid must be freed from the protein, 
but it seems to be exposed for only a short time before it is again secure 
against the enzyme, presumably because it has found protection by 
combining with some cell component. This explanation is wholly con- 
vincing, but unfortimately is not established and others can be offered, 
for example, pancreatic ribonuclease also inhibits infection of Rhizobtitm 
sp. by bacteriophage, which there is no reason to think contains ribo- 
nucleic acid, and this it seems to do by preventing the phage parUcles 
from attaching themselves to the host cells (Kleczkowski and Uecz- 
kowski, 1954). 

However, further circumstantial evidence for the idea tliat \'inis 
nucleic acid and protein become separated as an initial step in infection 
comes from experiments in which leaves were exposed to ultraviolet 
radiation at intervals after inoculation. For some time after inoculation, 
the sensitiVitj' of tobacco mosaic vinjs to inactivaUon remains instant 
but after a lag period that varies with different strains, from about -o 
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hours with strain U2 to 5 hours with the type strain, the sensitivity 
decreases (Siegel and Wildman, 1956). There is no such lag period when 
inoculations are made with infective preparations of nucleic acid instead 
of intact virus particles; as Fig. 2 shows, both strains then behave alike 
and their resistance to inactivation begins to increase almost immediately 
after inoculation (Siegel et ah, 1957). The reason for the increased 
resistance with time can only be guessed at, but it probably means that 
the infecting virus has now become associated with other materials that 
absorb radiation of wavelength 2,537A. or that the amount of such 
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on the many occasions on which I have inoculated the two to opposite 
half leaves, I have never detected any consistent differences in the 
length of time taken for lesions to become visible. However, Schramm 
and Engler (1958) state that virus multiplication becomes detectable 
in inoculated tobacco leaves 10-12 hours sooner when the inoculum is 
nucleic acid than when it is intact virus. 

The only other virus with which similar experiments have been done 
is one of those causing tobacco necrosis; like tobacco mosaic virus it 
retains its initial susceptibility to inactivation by ultraviolet light for an 
hour or more after inoculation to leaves, but then its susceptibility 
decreases (Bawden and Harrison, 1955). Infective preparations of 
nucleic acid from this virus have not yet been made so it is unknown 


whether using nucleic acid alone would abolish the lag period and allow 
the virus immediately to reach some haven or initiate the synthesis of 
ultraviolet-absorbing substances. 

Although there is good reason for concluding that plant viruses 
undergo some change analogous to the separation of the protein and 
nucleic acid of T2 bacteriophage as its first step in infecting, there is 
no evidence to suggest whether this event happens os a preliminary to 
plant viruses entering their host cells or when they have entered and 
met some specific cell constituent. The next steps with plant viruses 
are wholly xvrapped in obscurity and for this part of our picture we must 
rely almost totally on knowledge derived from work with bacteriophages. 
For the first half of the period between infection and lysis of bacteria, 
no bacteriophage particles are detectable in artificially disrupted ccl s 
and neither serology nor electron microscopy detects any material tliat 
can be related to the bacteriophage. During tl)is “eclipse” phase, how- 
ever, much is going on. Tlie nucleic acid metabolism of the bacterium 
alters and the genetic determinants of the bacteriophage start to multiply 
almost immediately after infection occurs. Tlic protein metabo hsm also 
changes, but whether coincident with or after the s>TitIicsis of bacterio- 
phage nucleic acid is uncertain. The reappearance of mfcctiyitj' coincides 
with the first occurrence of tadpole shaped particles early in the second 
half of tlic period between infection and lysis, and from then on i 
fectivitv and the number of such particles increase linearly until the 
bacterium is Ivsed. Shortly before these mature particles occur mater al 
With the serological specifioity of the 
and electron microscopy reveals, first, ronnd part.eles o 
to that of the bacteriophage heads, and. later. '>"7 
lacking nncleie acid .and infeelivity and the 

enrsor; of matnre bacteriophage, and .analog, es ”7'' 
protcin-onlv particles that ocenr in extracts from s .rns-nfccled 
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are too obvious to need stressing. When bacteria are simultaneously 
infected by two strains of T2, the first-formed infective progeny combine 
characters from the two, indicating that genetic recombinations occur, 
not by exchange of material between mature particles, but when the 
nucleic acid is multiplying before it becomes incorporated in its protein. 
Rather less tlian half of the phosphorus contained in infecting bacterio- 
phage is transmitted to the offspring, but in what chemical state it is 
handed on, and what proportion of the progeny contains parental ma- 
terial, is unknown. The protein is derived mostly from materials in the 
medium at the time the bacterium is infected, but some comes from low 
molecular weight material already in the cell. The nucleic acid derives 
from a pool of compounds, either bases, nucleotides, or polynucleotides, 
which less rapidly equilibrate with the medium than the materials 


making the protein, a pool that is maintained partly by the breakdown 
of pre-existing bacterial components and partly by new synthesis from 
the medium (Hershey, 1953; Luria, 1953). 

As the nucleic acid of tobacco mosaic virus can alone initiate in- 
ection, and protein-only particles that combine with nucleic acid occur 
in extracts from infected leaves (Commoner, 1957), there are enough 
similarities bet\veen its behavior and that of T2 early and late in the 
infection cycle to assume that intermediate events will not be entirely 
aissimllar. In other words, it seems reasonable to assume that the in- 
tnision and replication of the virus nucleic acid establish new patterns 
of protein s^thesis in the plant cells, which for a time wiU contain no 
mrh'rl^o ^ V the replication of existing 

havp pffli ^ process of assembling component parts that 

mature syx^hesized da Lo. The 

rctlvUvfn t ' r from further 

strain bv variants, distinguishable from the initially infecting 

when llie nnpl?^ °Semcity or some other property, probably arise 

«py I?e nrl " multiplying, presumably because of failures to 

S t type. Some of the changes now 

from Icadv S^ueUc changes, but 

different combination^ ThlrT^h sepfating and recombining in 
combination in - little work yet on genetic re- 

substantial cvidLcc ^ produced 

vims arc multiplying togcllie^r in iho 

(bat combine characters fro™ the 

the change of a multiplication entails 

to that 1; whic";n “nXT 
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into active enzyme. We have seen that the components of bacteriophage 
are built up from small imits and that no major block of normal host 
protein or nucleic acid is incorporated in them. Similarly, although 
Wildman et al. (1949) claim that tobacco mosaic virus is produced at 
the expense of a major protein component in tobacco leaf cytoplasm, 
other workers (Commoner et fl?., 1952; Bawden and Kleczkowski, 1957) 
have failed to confirm tliis. Indeed, Commoner (1953) has claimed 
that the protein is not even made from the common pool of cell amino 
acids, but that its amino acids are synthesized de novo from the free 
ammonia in the host. 

Indirect evidence for the synthesis of nucleic acid, or its intermediates, 
before any new virus particles become detectable, is provided by the 
continuing increase in resistance of multiplying virus to inactivation by 
ultraviolet radiation with increased time after infection. This increase 
occurs for a few hours without the inactivation curve changing from the 
exponential type to be expected if only one target in infected cells 
needed to be hit to prevent multiplication, but it then becomes the multi- 
target type, suggesting that the preliminaries to replication of the 
nucleic acid have been completed and that there are now additional 
infective centers (Siegel and Wildman, 1956). This again happens long 
before any virus multiplication is delectable by infectivity assays, sero- 
logical tests, or electron microscopy; indeed, it happens while the amount 
of virus recoverable in extracts from inoculated leaves is apparent y 
falling, but the difficulties in interpreting such falls and other phenomena 
that superficially suggest something like the “eclipse” phase in bacterio- 
phage infection are considerable. These difficulties are considered m the 
next section. 


IV. Factors A fel c u ng Virus Multiplication 
A. The Normal Multiplication Curve 
When leaves are inoculated, washed to remove unattached viras, 
macerated at various intervals, and the extracts assayed for their vinis 
content, it is a simple matter to determine the rate at which viras 
creases in the leaves. Provided conditions are kept constant, J 

reproducible results are obtained with any given moralum imd host. 
After an interval {‘latent period”), which Z ^^^od 

the virus content of the inoculum and on the sensitivity of he method 

of testing new virus becomes detectable, and the mfectivity of successive 
ui leiung, new vuus ucv Thp infectivity of successive 

extracts then usually increases rapidly. /'Harrison 

^ . j j • « fLo l-itpnt oeriod however, decreases {Harrison, 

extracts made during the latent peiiuu, rlpfppfnble 

W56a), and at Hothamsted we also “ S t S 

by electron microscopy at the end uian g 
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period, but the results published by Steere (1952) show no such fall. 
Increasing temperature up to an optimum, which difiers for different 
viruses, shortens the latent period and initially increases the rate at which 
new virus accumulates, but this optimum is often above the temperature 
at which the maximum virus content of leaves can be obtained. When 


the host reacts with a sharply localized necrotic reaction, virus usually 
increases rapidly only while the lesions are developing, but otherwise 
the virus content continues to increase for several days, first exponentially 
and then proportionally less rapidly as it reaches a maximum that differs 
greatly widi different viruses and hosts. Tobacco mosaic virus in tobacco 
at about 20° reaches a high maximum, which then stays reasonably 
constant for long periods; others such as potato virus Y reach a lower 
maximum, which is also maintained, but others, of which alfalfa (lu- 
cerne) mosaic virus is a striking example, having reached their maximum 
then rapidly decline in amount (Ross, 1941). 

It is easier to get such results than to interpret them. The leaf is a 
multicellular system of which only some of the epidermal cells become 
mtected at the time of inoculation. Also, the fate of the inoculum is 
uncer am, was ing removes about 99 9^ of tobacco mosaic virus sprayed 

inoculated by rubbing (Yarwood, 
Ipwpo 56a). Most of the particles remaining on rubbed 

each j “bout a million are retained for 

ox acts 1 d on the infectivity of leaf 

whether MI d ‘"°™’“Hon cannot alone tell 
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whether the first '''™‘ ™>'ipIication. Nor can they tell 

or g “ ■" identifies the first crop, 

cells com restota ‘b® ™us content of single 
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surplus inoculum is being inactivated^''’"' f' because 

to increase only shordv ifof i • mfectivity of extracts begins 
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Better evidence that the first cycle of multiplication passes undetected 
comes from e\posing inoculated leaves to ultraviolet radiation at different 
times after inoculation Moderate exposures can be expected to mactivate 
virus in the epidermis but not in deeper tissues, and by finding at what 
interval after inoculation irradiation halves the number of infections, the 


mean time for infection to spread from epidermis to mesophyll can be 
found It IS approximately half the latent period, or half the time taken 
for necrotic local lesions to become visible in N glutmosa leaves inocu- 
lated witli tobacco mosaic virus, so that it seems reasonably certain that 
only the second cycle of multiplication is detected (Harrison, 1956a) 
Various explanations can be advanced for the failure to detect the 


first crop of virus formed in cells infected by the moculation The par 
tides may be in some way immature, able to move to and infect neigh- 
boring cells, but not yet stable enough in vitro to provide an effective 
inoculum Or they may all become firmly and specifically attached to 
“infection sites” in nearby cells and never become free m extracts The 
simplest explanation, however, is that the first crop produced in the 
epidermal cells is too small to be detected by current inoculation 
methods, mdeed, too small to balance the inactivation of the excess 
inoculum As already said, about a million virus particles must be rubbed 
on leaves to produce one local lesion, and this is the order of size of the 
number of particles estimated to be present m mesophyll cells fully 
mfected with either a tobacco necrosis vims (Harrison, 1956a) or 
tobacco mosaic virus (Nixon, 1956) It is not surprising, then, Aat the 
vims first formed in inoculated epidermal cells should pass undetected 
in leaf extracts, although there is enough to infect more than 100 nearby 
cells It IS the crop from these secondanly infected cells that inakes its 
presence felt in the extracts, and from then on the increases m mfectivity 
will reflect both increase in the virus content of already mfected ce s 
and mcreasmg numbers of cells becoming infected In each cell, it is 
reasonable to assume that the sequence of events pos^ a e or 
initially infected cells will be re enacted, but the establishment o - 
fection will probably be better assured, J virus introduced 
becomes inactivated m the epidermal cells it is not replacech whereas 
the supply for secondarily mfected cells will be almost ^ 

There has been httle work on the f Sa) 

With that on the virus content of a volume o e , u j jeaf 
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host cells, the reason for reaching a maximum virus content is obvious, 
but with those that do not, this may happen for different reasons; multi- 
plication may stop because the supply of metabolites is exhausted, or 
multiplication may continue but be balanced by degradation of already 
produced virus. It seems that viruses like alfalfa mosaic, whose amount 
decreases rapidly after reaching a maximum, must be degraded, and 
some inactivating system may develop in cells as a consequence of 
infection. Also, at 30°, there seems little doubt that the Rothamsted 
tobacco necrosis can both multiply and be inactivated, and although 
unequivocal evidence of inactivation is diflBcult to get at lower tempera- 
tures, the results are compatible with the idea that both processes pro- 
ceed simultaneously (Harrison, 1956b). Even tobacco mosaic virus, 
which in short-term tests with radioactive nitrogen seemed to be wholly 
stable (Meneghini and Delwiche, 1951), is inactivated at higher tem- 
peratures, and the virus content of leaves slowly decreases when plants 
are kept at 36° (Kassanis, 1937c). In this context it is perhaps significant 
that only viruses that are unusually stable in vitro reach and maintain 
high concentrations in vivo, and the low maxima achieved by unstable 
viruses may not reflect any less ability to multiply but the fact that they 
are more readily broken down in vivo. 


So far we have considered virus multiplication only in inoculated 
leaves, but this is only one feature of the story, for in many plants 
viruses become systemic and spread from moculated leaves to most of 
me veget^ye tissues that were still growing when the plant became 
infected. This is no place to review the large literature on virus move- 
ment through plants, and it will suffice to say that, although the direction 
of movement through the vascular tissue is correlated with the movement 
of elaborated foods, there is no reason to think that there is a mass 
flow of virus from inoculated leaves to other parts of plants. Nor, because 
Unn reason to think that it occurs along a concentra- 

in Jl multiplication, such as happens 

unstaWe nu h “ in extracts or 

food stream a 1 iT' untoosvn, move over large distances in the 
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occur in the symptomless leaves at only a fraction of the concentration 
tliey attain in inoculated leaves or in systemically infected ones that 
develop severe lesions (Wingard, 1928; Price, 1936; Bennett, 1949). Cells 
that become infected soon after they are differentiated seem either to 
fail to produce some materials essential for the synthesis of these viruses 
in the same amounts as they occur in cells that differentiate uninfected, 
or to produce some mechanism that inactivates the virus. Whatever is 
the restricting factor, it is overcome in plants that have suffered and 
recovered from diseases caused by dodder latent mosaic virus when 
these plants are infected ^vith tobacco mosaic or tobacco etch virus. The 
doubly infected plants then again develop symptoms similar to those of 
their initial reaction, and the amount of dodder latent mosaic virus in 
the leaves immediately increases and remains indefinitely at a high level 
(Bennett, 1949). 

It is rare for viruses to occur in pollen mother cells or egg cells and 
many do not occur in stem apical meristems (Morel and Martin 1952, 
1955; Kassanis, 1957b). but whether this is because such cells 
support virus multiplication, or because the viruses are prevented from 
reaching them, is unknown. 


B. Efects of Changing the Environment 
The prime factor that determines whether a given plant acts as a 
host for a given virus is, of course, its inherent .ability m sus am e 
virus, but nurture can be almost as important as nature, and a 
be a favorable host in one physiological state but unfavorable m o hers 
With the seasonal variations in growth of plants experienced m northern 
latitudes, it is necessary only to inoculate plants throughout the year to 
see how profoundly changes in the environment f 
which plants contract infection, especially with ”>“hanioaIly Uansmitted 
viruses Some of these, for instance *0^® 

almost difficult to maintain in tobacco during the ”r but will 
rapidly kill inoculated '«tives m wmter^^P^huP*^ ^ 

of seasonal variation is provided by , Mnrrh in England 

varieHes of French bean, which betsveen Oc'ober and March in 

are suitable hosts for local lesion “ ^gj-able from inoculated 

tember produce no lesions ^d ^ v.m understanding what 

leaves (Bhargava, 1951)- .tniibilitv to infection and the extent 

features of plants affect then susc P ^ occurred, and different 
to which viruses multiply ™ differently. However, enough has 

viruses and hosts will no doubt beh . of plants to show that 
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almost any change that affects then physiology 



94 


F. C. BAWDEN 


host cells, the reason for reaching a maximum virus content is obvious, 
but with those that do not, this may happen for different reasons; multi- 
plication may stop because the supply of metabolites is exhausted, or 
multiplication may continue but be balanced by degradation of already 
produced virus. It seems that viruses like alfalfa mosaic, whose amount 
decreases rapidly after reaching a maximum, must be degraded, and 
some inactivating system may develop in cells as a consequence of 
infection. Also, at 30°, there seems little doubt that the Rothamsted 
tobacco necrosis can both multiply and be inactivated, and although 
unequivocal evidence of inactivation is difficult to get at lower tempera- 
tures, the results are compatible with the idea that both processes pro- 
ceed simultaneously (Harrison, 1956b). Even tobacco mosaic virus, 
which in short-term tests with radioactive nitrogen seemed to be wholly 
stable (Meneghini and DeUviche, 1951), is inactivated at higher tem- 
peratures, and the virus content of leaves slowly decreases when plants 
are kept at 36° (Kassanis, 1957c). In this context it is perhaps significant 
that only viruses that are unusually stable in vitro reach and maintain 
high concentrations in vivo, and the low maxima achieved by unstable 
viruses may not reflect any less ability to multiply but the fact that they 
are more readily broken do^vn in vivo. 


So far we have considered virus multiplication only in inoculated 
leaves, but this is only one feature of the story, for in many plants 
viruses become systemic and spread from inoculated leaves to most of 
tile vegetative tissues that were still growing when the plant became 
infected. This is no place to review the large literature on virus move- 
ment through plants, and it will suffice to say that, although tlie direction 
ot movement through the vascular tissue is correlated with the movement 
of elaborated foods, there is no reason to think that there is a mass 
iiow of virus from inoculated leaves to other parts of plants. Nor, because 
0 j s spec , is t lore any reason to think that it occurs along a concentra- 
lon ^adient built up by continuing virus multiplication, such as happens 
wltnil. ° Spread through a leaf. Rather it seems that a few particles, 
i- . t ^ ^ ^ those that are infective in extracts or 
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occur m the sjTnptomless leives at only a fraction of the concentration 
they attain in inoculated leaves or in systemically infected ones that 
develop severe lesions (Wingard 1928 Price, 1936 Bennett, 1949) Cells 
that become infected soon after they are differentiated seem either to 
fail to produce some materials essential for the synthesis of these viruses 
m the same amounts as they occur in cells that differentiate uninfected 
or to produce some mechanism that mactivates the virus Whatever is 
the restnctmg factor, it is overcome m plants that have suffered and 
recovered from diseases caused by dodder latent mosaic virus when 
these plants are infected with tobacco mosaic or tobacco etch virus The 
doubly infected plants then again develop symptoms similar to those of 
their mitial reaction and the amount of dodder latent mosaic virus m 
the leaves immediately increases and remains indefinitely at a high level 


^^T™for viruses to occur m pollen mother cells or egg cells and 
many do not occur m stem apical meristems (Morel and Martm 1952 
1955. Kassanis, 19m). but whether this is because 
support virus multiplication or because the viruses are prevented from 
reaching them, is unloiown 
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toward virus infections, and that not all conditions that predispose plants 
to infection are also those that most favor the accumulation of viruses in 
large quantities. Here it will be simplest to consider changes in nutrition, 
light intensity, and temperature separately, but normally, of course, 
these will not vary independently. 


1. Changes in Nutrition 

The appearance and growth of plants respond rapidly and strikingly 
to changes in the supply of water and nutrient and these changes are 
reflected in varying susceptibility to viruses. Little has been done on 
variations m water supply, but Tinsley (1953) found that Nicotiana 
glutinosa plants that received unlimited water produced 10 or more times 
as many local lesions when inoculated with various viruses as did plants 
watered enough only to prevent wilting. The differences in susceptibility 
to infection produced by differential watering were decreased by in- 
corporating an abrasive in the inoculum or by growing plants under 
shade, and as increased watering produces plants with more succulent 
leaves and thinner cuticles, much of its effect may be attributable 
simply to the fact that the leaves are more easily damaged so that 
rubbing produces more entry points for virus particles. 

e effects of differential feeding with nitrogen, phosphorus, and 
potassium, on susceptibility to infection as measured by the number of 
Pf ^rea of leaf, are smaller than those of 
d fferential watering. However, their effects on the extent to which 
infected leaves is considerable. In general, 
con S": ”• r growth ako increase sus- 

prttn T " inoculation and they aiEect virus 
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In cultures of tobacco tumorous tissues, in which the concentration 
of tobacco mosaic virus is only about of that usual in leaves, the 
virus concentration was not correlated with the rate at which the tissues 
grew; it was not increased by increasing the amount of nitrogen in the 
medium, and was decreased by additions of phosphorus that increased 
tlie growth of the tissues (Kassanis, 1957a). 


2. Changes in IlUimination 

Plants grown in high light intensity have tougher leaves with thicker 
cuticles than those growm in shade, and this may explain, at least in 
part, the greater susceplibilitj' to infection of plants shaded before they 
are inoculated (Samuel ct rt/., 1935, Bawden and Roberts, 1947). How- 
ever, there arc almost certainly other factors involved, because some 
viruses, tomato bushy stunt for example, not only cause more local 
infections but also spread more readily through inoculated leaves and 
become more fully systemic in tomato plants kept shaded both before 
and after inoculation, than in plants grown in a high light intensity. 
Also, increases in susceptibility to infection equal to those caused by 
prolonged growing in shade are produced when plants are kept in dark- 
ness for a day or so before they arc inoculated, and this treatment pro- 
duces no obvious ciEect on the fragility of the leaves (Bawden and 
Roberts, 1948). Hence, differences in the composition of cells that have 
been illuminated differently are probably concerned m determining the 
ease with which viruses become established m 

many changes produced by decreasing the hght mtensity or putting 
in darkness increases the likelihood of establishment 

With most viruses the effect is solely in predisposing plants to in- 
feet^ and shows by a given inoculum f ^7“ 
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vividly the extent to which the physiological condition of the host can 
determine whether introduced particles become established and multi- 
ply. Presumably some light-sensitive system in the host cells acts to repair 
damage done to the nucleic acid by irradiation, but whatever the 
mechanism, there is the striking fact that particles which will infect and 
multiply in illuminated cells fail to do so in unilluminated ones. 

The effects of light intensity on the extent to which viruses multiply 
in infected leaves have been less studied than have effects on predis- 
position to infection. It may well be that they are considerable, but 
differ wdely with different viruses. Many viruses produce more severe 
lesions, both local and systemic, in plants grown under low than under 
high light intensities; these are mainly viruses that produce symptoms of 
the mosaic and ring spot type, and potato viruses X and Y also seem to 
occur in greater concentrations in the more severely affected plants. 
At least in detached leaves, however, tobacco mosaic virus reaches higher 
concentrations in leaves kept in the light and supplied with nutrients 
than in leaves kept dark. Viruses that cause "yellows” type symptoms, 
however, usually produce more intense symptoms in plants exposed to 
lugh than to low light intensities; there is no conclusive evidence about 
the concentration of such viruses, which are mostly not transmissible 
mechanically, but as some are more readily transmissible by insect vec- 
tors from plants kept in high light intensities they may also occur in these 
in greater amounts. 


3. Changes in Temperature 
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decrease differs greatly with different viruses Some produce almost as 
many at 36° as at 20°, whereas others produce few or none The ability 
of a virus to multiply and produce lesions m leaves at 36° is not cor- 
related with its resistance to heat as usually measured by determining 
the temperature at which the virus is mactivated after 10 mmutes 
exposure Two of the viruses listed in Table 11, for example, have un 

Table II 

Effect on Mean Number of Local Lesions of Keeping Plants at 36" C 
Before or After Inoculation with Various Viruses® 


Plants It 36® C 
before inoculation for 


Plants at36* C 
after inoculation for 


Virus and host 

0 

1 day 

2 days 

0 

1 day 

2 days 

Rothamsted tobacco necrosis 




69 



(OO)** in bean 

2 

29 

46 

0 

0 

Tomato bushy stunt (80) m 
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N glutinosa 

Cucumber mosaic (60-70) 

18 

83 

2 

78 

144 


in tobacco 

Tobacco mosaic (93) m 

15 

45 

0 

18 

0 

19 

111 

25 

N gluttnosa 

32 

98 

Tomato spotted wilt (45) 
m tobacco 

86 

197 

165 

173 

121 

96 
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extracts from leaves at mtervals after mtecte p 
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high temperatures For example, when tomato plants systemically in- 
fected with tomato bushy stunt vims are placed at 36°, the mfectivity of 
leaf extracts falls to about one-tenth of that at the start within 4 days, 
and to one-hundredth within a week This rapid fall of mfectivity is not 
accompanied by any corresponding fall in concentration of specific 
antigen in the sap, suggesting that changes in the nucleic acid are 
probably responsible for the inactivation and that the protein moiety is 
initially not greatly altered With prolonged exposure to 36°, however, 
the virus antigens also disappear. 

That virus multiplication is a dynamic process, with the concentration 
of vims at any one time representing the balance between synthesis 
and degradation, has already been suggested. The rates of all biological 


Table III 


The Effect of Tempebature on the Relative Content of Rotiiamsted 
Tobacco Necrosis Virus in Inoculated French Bean Leaves® 



Relative virus content at time after inoculation 

Tcmperaluro ( * C ) 

23 hours 

47 hours 

71 hours 

10 

1 

8 

37 

14 

2 

422 

3,935 

18 

31 

3,875 

33,750 

22 

208 

19,100 

158,000 

20 

30 

79 

6 

3,015 

97 

7,550 

163 

“ Dila proMclcd by Dr 

B D Harrison 
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placing them for a day at 30°, although, as Table III shows, this virus 
can multiply at this temperature, such plants will then contam less than 
before they were put at 30° Although this virus may be more susceptible 
to m vitro inactivation than most others, there is no need to think that 
it behaves in a qualitatively different manner Even such a stable virus 
as tobacco mosaic virus can be inactivated at 36° C (Kassanis 1957c) 
and most of the viruses that have been studied, although they multiply 
more slowly below than above 20°, ultimately reach higher concentra- 


tions at the lower temperatures 

Knowledge of tlie changes produced in leaves by changing tempera- 
ture, and of the cellular activities that affect virus establishment and 
multiplication, is too slight for any conclusive explanation of the apparent 
paradox that exposure to 36° should be both a therapeutic treatment for 
virus mfected plants and the most effective treatment known for mcreas- 
ing the susceptibility of healthy plants to infection However, if, as it 
has already been stated seems likely, infection of cells entails the initial 
step of virus nucleic acid separating from its protein, a possible ex 
planation is suggested by the results of experiments comparing the 
relative infectivities of tobacco mosaic virus and preparations of its 
nucleic acid toward Ntcotiana gluUnosa m different physiological states 

From what has already been said m this section, it is clear the ability 
of normal virus preparations to infect varies greatly with the age and 
physiological activity of the inoculated leaves Infection with separated 
nucleic acid of tobacco mosaic virus, however, depends even 
the condition of the host plants, the dependence is so great that the 
relative activities of the two types of inocula may be entirely different 
when compared on different batches of plants Infections by 
acid preparations occur much more readily m young, ™ , 

than in dd, tougher ones, and an moculum of nucleic acid that Prod 
as many lesions^as does a solution of normal 
produce very many fewer in f ^ 

at SB- before they are inoculated, j^e number produced 

types of inocula will increase, but ^ P 

by nucleic acid will increase ^ ber of lesions formed 

placed at 36” after they „^„y „.ore than with normal 

by nucleic acid is decreased prop that exudates from 

virus mocula Anotlier point that may ^pTrations much more 

N glutmosa leaves mactivate nucleic acid prepar 

rapidly in vitro at 36° than at 20 „jt that success or failure m 

These observations all combme „uele,c acid 

estabhshing infection depends ™ rieciod between inoculation and 
survives through a seemingly liazardo p 
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reaching some safe haven, the hazards are greater in leaves m some 
physiological states than m others and with mocula of normal virus the 
nucleic acid is partly but not wholly protected from mactivation by its 
protein Maintaining leaves at a high temperature encourages protem 
degradation and produces other changes that may favor the survival of 
nucleic acid by decreasing the amount of substances that inactivate 
nucleic acid If tlie inactivation of nucleic acid has a large Qio», however, 
mactivation will be much more rapid at 36° than at 20°, and so with a 
given amount of inactivators the chances of infection occurring will be 
less when inoculated plants are kept at the higher temperature The 
hypothesis that high temperature decreases the amounts of mactivators 
m leaves, but increases the rate at which they act, adequately accounts 
for the different effects produced by pre- and post-inoculation exposures 
to 36°, but an explanation is not necessarily true because it is adequate 
and much more experimentation will be needed before it can be 
accepted. 


Similarly, it is impossible to explain with certamty the fact that 
some viruses become established and can maintain themselves m plants 
kept at 36° whereas others cannot If viruses fail to mcrease because 
their nucleic acid is inactivated at 36°, one obvious possibility is that 
the nucleic acids of different viruses differ m stability, others are that, 
m e course of mfection, the nucleic acid from some viruses is exposed 
ree or onger than that from others, or that the protein of some is less 
effective than that of others m protecting the nucleic acid from m 
acUvators In assessing the role of the protein it may be relevant to 
maciiv't' contain a system that m vitro 

r.thJr ? =‘■'<1 the Rothamsted tobacco necrosis virus, 

Pme ^0-7 T established m plants at 36“ (Bawden and 

inact'.v.7p. , ’ virus but it readil) 

mosaic vinis'?l Second, different strains of tobacco 

for wcicht thn 1 ability to infect Nicotiana glutinosa, weight 

strain and Fn "'“"y mote lesions than the nb grass 

Sebv comr T"' 'tate that preparations 

from tl/e type stam 

of die nb 1 infective than the origmal preparation 

protected al;„st ‘hat its nucleic acid was now better 

tolerate ^for'’hIngpcm^LtTe” ''igh as growing plants can 

temperatures Yaraood ’ (195Gr? exposures to higher 

lca\cs for somo ^ found that immersing rrench bean 

incrciscd tl.c numl ‘ampcratiires up to 50° greatly 

ncrciscd tl.o number of lesions they produced when inoculated u.tl. 
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any of several viruses. With some viruses, the hot water dip also in- 
creased tlie number of lesions when it was given some hours after the 
leaves were inoculated. Whether this increased susceptibility happens 
for reasons similar to the phenomena already discussed is not known, 
but the hot water dip seems less generally applicable than growing 
plants at temperatures around 36°; it did not increase susceptibility 
of plants other than Pinto beans that were tried, and it increased the 
susceptibility of beans to infection by fungi in addition to viruses. 

In this review we are not primarily concerned with effects on symp- 
toms, but these are sometimes related to virus multiplication and ac- 
cumulation and so are relevant to our subject. Exposure to high tempera- 
tines decreases the severity of symptoms shown by many virus-infected 
plants, and this is usually correlated with a fall in vims content. Some- 
times increasing temperature also changes the type of symptom, as with 
tobacco mosaic vims in Nicotiana glutinosa, in which the characteristic 
necrotic local lesions become larger as the temperature increases and, 
when plants are held at above 30°, change from necrotic to chlorotic 
(Samuel, 1931). When multiplication is studied m N. glutmosa leaves, 
the virus continues to increase for much longer in pl^ts kept at over 
30° than at lower temperatures and the vims content of leaves becomes 
much greater. At first sight, this seems to contradict the general thesis 
that vhus accumulates more at low than at high temperatures, but the 
contradiction is apparent rather than real. Uere are two measures of 
virus content, amount per volume of leaf and amount per cell and fte 
two are not always correlated. The amount per leaf is greate at high 

V. me iiut Lppnmp infected: infected cells do not 

temperatures because more cells become nplk 

die and the v^s from "hrev:. 

than at 20°. The amount of virus per ceii, 

around 36° (perhaps this *eje“on taooulation are then 

the cells in the areas that were content of individual 

some mechanism that at 36 determ ; j^bitmg its synthesis, seems 
cells, either by breaking down as t^ temperature 

to become relatively inactive and unimp 

is lowered to 20°. _ has so far been 
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reaching some safe haven; the hazards are greater in leaves in some 
physiological states than in otlicrs and with inocula of normal virus tlie 
nucleic acid is partly but not wholly protected from inactivation by its 
protein. Maintaining leaves at a high temperature encourages protein 
degradation and produces other changes that may favor tlie survival of 
nucleic acid by decreasing the amount of substances that inactivate 
nucleic acid. If tlie inactivation of nucleic acid has a large (^ 10 % however, 
inactivation will be much more rapid at 36° than at 20°, and so with a 
given amount of inactivators the chances of infection occurring will be 
less when inoculated plants are kept at the higher temperature. The 
hypothesis that high temperature decreases tlie amounts of inactivators 
in leaves, but increases the rate at which they act, adequately accounts 
for the different effects produced by pro- and post-inoculation exposures 
to 36°, but an explanation is not necessarily true because it is adequate 
and much more experimentation will be needed before it can be 
accepted. 


Similarly, it is impossible to explain with certainty tlie fact that 
some viruses become established and can maintain themselves in plants 
kept at 36° whereas others cannot. If viruses fail to increase because 
their nucleic acid is inactivated at 36°, one obvious possibility is that 
fte nucleic acids of different viruses differ in stability; others are that, 
m the course of infection, the nucleic acid from some viruses is exposed 
free for longer than that from others, or that the protein of some is less 
effective than that of others in protecting the nucleic acid from in* 
aenvators. In assessing the role of the protein it may be relevant to 
note two points. First, tobacco leaves contain a system that in vitro 
inactivates tobacco rmgspot and the Rothamsted tobacco necrosis virus. 

becomes established in plants at 36° (Bawden and 
me iy57a); it does not affect intact tobacco mosaic virus but it readily 
mactivates the separated nucleic acid. Second, different strains of tobacco 
for ability to infect Nicotiana glutinosa; weight 
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any of several viruses. With some viruses, the hot water dip also in- 
creased the number of lesions when it was given some hours after the 
leaves were inoculated. Whether this increased susceptibility happens 
for reasons similar to the phenomena already discussed is not known, 
but the hot water dip seems less generally applicable than growing 
plants at temperatures around 36°; it did not increase susceptibility 
of plants other than Pinto beans that were tried, and it increased the 


susceptibility of beans to infection by fungi in addition to viruses. 

In this review we are not primarily concerned with eflPects on symp- 
toms, but these are sometimes related to virus multiplication and ac- 
cumulation and so are relevant to our subject. Exposure to Iiigh tempera- 
tures decreases the severity of symptoms shown by many virus-infected 
plants, and is usually correlated with a fall in virus content. Some- 
times increasing temperature also dianges the type of symptom, as with 
tobacco mosaic virus in Nicotiana glutinosa, in which the characteristic 
necrotic local lesions become larger as the temperature increases and, 
when plants are held at above 30°, change from necrotic to chlorotic 
(Samuel, 1931). When multiplication is studied in N. glufinosa leaves, 
the virus continues to increase for much longer m plants kept at over 
30° than at lower temperatures and the virus content of leaves becomes 
much greater. At first sight, this seems to contradict the general thesis 
that virus accumulates more at low than at high temperatures, but the 
contradiction is apparent rather than real. There are two measures of 
virus content, amount per volume of leaf and amount per cell, and the 
two are not always correlated. The amount per leaf is greater at high 
temperatures because more cells become infected; Reeled cells do not 
die and the virus from each site of infecUou invades many more cells 
than at 20”. The amount of virus per cell, however, is much less at 
around 36” (perhaps this is the reason the cells do not die), and when 
plants that hL been at 36” for some days after inocu aUon are then 
placed at 20” the virus content increases enormously withm a day and 
the cells in die areas 

cX e”twT; breaLg do™ vims or by inhibiting its synthesis, se^s 
to become relatively inactive and unimportant as soon as the temperature 
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/hat has already been stated applies to the type strain, which gives a 
evere mosaic with some leaf distortion in tobacco plants growing at 
bout 20°, conditions in which it reaches very high concentrations. It 
lauses less severe symptoms in plants held at 36°, not simply because 
t no longer reaches the same concentration, but also because it becomes 
partly superseded by less virulent strains that arc able to reach higher 
concentrations at 36° than the type strain. It was by keeping infected 
tissues at high temperatures that Holmes (1934) isolated his “masked” 
strain, which produces slight or no symptoms in tobacco plants at 22°. 
Comparable effects have since been described by several people (John- 
son, 1947; Sukhov, 1956; Mundry, 1957; Kassanis, 1957c), and there is 
little doubt that the strains with changed virulence are produced in the 
inoculated plants while they arc at the high temperatures and are not 
selected from a mixture in the initial inoculum. Some workers have 
suggested that the high temperatures actually cause tlie new types by 
increasing the “mutation” rate of the virus, but for tins there is no 
conclusive evidence. In plants kept at 20° such variants may also occur 
but then they would not be specially favored and so would be obscured 
by the infecting type; variants better able than the infecting type to 
survive or invade new cells at 36°, however, would be greatly favored 
and would soon become dominant in plants at the high temperature. 
Mundry (1957) states that a day at 35° is all that is needed to obtain 
new variants and that most are produced when the day of treatment is 
immediately after inoculation. 


Kassanis (1957c) noticed two kinds of local lesions in Nicotiana 
glutmosa inoculated with either type tobacco mosaic virus or the masked 
strain, and kept first at 36° and then at 20°. Most were very large and 
appeared quickly; others were much smaller and appeared 3-4 days 
atter the plants were placed at 20°. It seems that the virus causing the 
smaller lesions either lay dormant during the period at 36° or, perhaps 
more likely, became established in the initially infected cells but was 
unable to spread from them until the temperature was lowered. The 
ITl the larger lesions, although unable to reach such amounts 

Th ’ spread from cell to cell in leaves at 36°. 

vnrv cnT u the temperature at which plants are grown 
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4 Inhibitors and Enhancers of Infection 


denind nT “ with a given inoculum does not 

certibihl^ r and the sus 

.nocuhm MoTof''"' ™ “ther components of the 

« common^trln * components decrease infectivity and this ability 
biolZ^? fl n substances that it is not surprismg that most 

deterl n infection The mhibitors whose identity has been 

yZZZi ribonuclease td 

smdl LI 'i P^teins through polypepbdes and polysaccharides, to 

o™ld L of purines and 

behavior of these substances has recently been re 

rif. ^ (Bawden, 1954), so that httle more than a summary 

need be given here ^ 

How the inhibitors of mfection act is still uncertain, but the sug 
gestiou has already been made in Section III that ribonuclease, which 
s one of the most powerful inhibitors of infection, may destroy the 
ucleic acid when this becomes separated from the virus protein during 
an initial step m the infection process Many other inhibitors tliat behave 
uperficially like ribonuclease, however, have no nuclease activity, and 
ese presumably act in some other manner or stimulate the normal cell 
releases mto extra activity Some inhibitors combine with virus particles 
I? and these could act by blocking some groups on the particles 
at need to be free if the virus has to combine with some specific 
j^^ection site m the host cells as a preliminary to multiplication Others, 
wever, inhibit without combmmg with the virus parbclcs, and so 
^am this blocking of essential groups can not appl> to all inhibitors 
^ e activity of most of these mhibitors of infection is determined less 
y the nature of the virus used than by the identity of the plant inocu 
^ ®d It seems, then, that the host plant is jn\olved, and the most that 
^an be done to offer a general explanation (there is of course, no reason 
^ that different substances all act in the same waj) is that 

^ahibitors affect the metabolism of cells thej enter so that flic balance, 

'vays sensitive, betiieen the inactivation and establishment of aims 
tipped in favor of inactivation 

Most inhibitors of infection act onh when thc\ arc present in llic 
^ooculum or when tliej are rubbed oaer Icaaes aahich liaac rccentia Ix^n 
""oculatcd avith Mruscs possiblj bccinsc llic\ arc substances Midi large 
U'J'IccuIes and cannot diffuse rcadilj tlirougli leases and reach cells 
'’“Icr than the epidermis Some substances Mith small molecular ss eights 
“fc not only inhibitors of infection but also inhibitors of aims increase 
tlieso can cliccl. sirus multiplication esen ashen applied aftir in 
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fection has occurred and multiplication has already started. The two 
most studied are thiouracil (Commoner and Mercer, 1931, 1932; Mercer 
et ah, 1953; Nichols, 1953; Bawden and Kassanis, 1954) and S-azaguanine 
(Matthews, 1953a, b). Again their inhibiting ability varies with the 
identity of the host plant; thiouracil for example affects the multiplication 
of a tobacco necrosis virus in tobacco but not in French bean. The 
physiological state of the plant is also important and tliiouracil more 
effectively interferes with the multiplication of tobacco mosaic virus in 
detached tobacco leaves floated in a nutrient solution and kept in the 
light, conditions that normally lead to a high virus content, than in 
leaves floated in water and kept dark, conditions that do not favor virus 
multiplication. 


The inhibiting action on tobacco mosaic virus multiplication of 
thiouracil, like that of 2-thiocytosine and 2-thiothyTnine, is counteracted 
by uracil, whereas the action of none is counteracted by cytosine or 
thymine suggesting that all three act by disturbing a process depending 
on uracil rather than the other bases. The action of 8-azaguanine is 
oounterac^d by guanine and adenine but not by uracil, xanthine, or 
thymine. The Uvo substances, thiouracil and 8-azaguanine, affect different 
fof example, in tobacco, thiouracil strongly 
nhibits the multiplication of tobacco mosaic virus, but has relatively 

whereas 8-azaguanine affects 
rnultiplication of 

ctrTv sZ T iT*' yet be explafned, but it 

lanL t ® 0 " 0 "">ter mosaic virus may have a higher ratio of 

denZdent >“ >" ®ome way more 

depe^ent on the guanine metabolism of host cells 

8-az!llinrtL,‘nr‘"‘^ with tobacco mosaic virus are treated with 

virus nucleic aci’d I • substances become incorporated in the 
XrnrovTdL 7 -IT® '“T and uraSl respectively, 

tion by 7ee,ti W “^‘bition of multiplica- 

are “stLile^^Howe "‘“‘"'"*"8 *ese anomalous substances 
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further suggests thnf tti v ^ eady contain much infective virus, 
suggests that the phenomenon has some other explanation than 
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the formation of some noninfective particles, and seems to imply that 
thiouracil acts mainly by preventing the virus infecting new cells, there 
is no evidence to suggest whether this is because thiouracil disturbs the 
normal uracil metabolism of these cells so that some first step in the 
infection process is prevented, because thiouracil becomes incorporated 
in the first-formed virus nucleic acid and prevents its further develop- 
nient, or because of some quite other effect. That thiouracil does interfere 
with the host metabolism, however, is clearly evident when whole 
tobacco plants are treated with it, for apical growth ceases and the young 
leaves become acutely chlorotic. These effects, unlike inhibition of virus 
increase, are not counteracted by giving uracil. 

Thiouracil has no therapeutic effect on plants infected with tobacco 
mosaic virus, its use stops or slows virus increase, leaving virus already 
formed unaffected. However, it can decrease the virus content of plants 
infected with some less stable viruses, probably not because it directly 
inactivates them but because their parUcIes normally have only a short 
We in vivo and thiouracil prevents the synthesis of new ones to rep acc 
those that become inactivated. There is no example yet of a w o e p an 
beuig freed from infection by its use, but the virus content of potato 
plants infected with potato virus Y was much decreased and cultures 
of tobacco callus tissues were made virus free by prolonged exposure to 


(Kassanis and Tinsley, 1958). , nm 
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they do not, washing leaves with water within 30 minutes of inoculation 
decreases the number (Yanvood, 1952b, 1955; Bawdcn and Harrison, 
1955). Whether this means that after this time all the virus particles 
are firmly attached to some component of the host cells, or that the cells 
are no longer permeable to virus particles because the wounds produced 
at the time of inoculation have healed, cannot be concluded. 

5. The Presence of Other Viruses 

Of the many ways in which the presence of one virus in a plant can 
affect the multiplication of another, the most studied has been the 
ability of related strains of a given virus to interfere with each other’s 
multiplication. Since Thung (1931) working with tobacco mosaic virus, 
and Salaman (1933) with potato virus X, showed that plants infected 
with an avirulent strain resisted infection with virulent ones, this phe- 
nomenon has been found to be fairly general and “plant-protection” 
tests have been widely used to relate symptomatologically different 
viruses as related strains. In general, viruses that share antigens protect 
plants against one another, and the more closely related they are sero- 
logically, the greater is the degree of protection afforded. Tests of 
relationships are usually made by inoculating the second (“challenge”) 
virus to plants or leaves already fully infected with the other, and noting 
whether the second virus produces any additional effect, but related 
strains also mutually interfere when inoculated simultaneously to tlie 
same tissues. The result of such mixed infections is then a compromise, 
both in symptoms sho^vn and in vims content, between what would 
have been achieved by either strain alone. Identifying clinically distinct 
viruses as related strains is usually not difficult from such tests because 
pairs of unrelated viruses mostly multiply independently of one another, 
each producing its characteristic effects and reaching amounts compa- 
rable to when it is present alone; or they interact to produce more severe 
symptoms than either produces alone, when one or the other may also 
reach a higher concentration than when on its own. 

Past explanations of these interactions between viruses have be^n 
mainly based on the idea that strains of one virus compete with one 
another, either for a limited number of specific infection sites in host cells 
or for a limited amount of some essential substance, whereas unrelated 
vimses do not. Wlien one strain is already established, all the infection 
sites are assumed to be occupied, or all the raw materials for that type 
of vhus used, leaving none for a second strain, although viruses that 
multiply at different sites or use oUier raw materials will still be able 
to multiply. Best (1954) has suggested that a better explanation for the 
plant-protection and interference phenomena is that, while multiplying 
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m the same cell, strains of one virus exchange genetic determmants 
On this theory, a vmulent strain entering a cell already infected with an 
avirulent one would exchange some determmants with it and so tose 
the specific combination of genetic characters conferring viru ence le 
idea that an essential step in the infection of cells is t e rea ° 

the mfectmg particle into nucleic acid and protein suggests mother 
explanation As fully infected cells contain vims par ic es w 
nucleoprotem and are stable over periods much longer 
for infLtion to occur m healthy cells it seems that if 
tain a system able to separate the tivo components “t/"/ 
this sysLm IS put out of action when infection 

starts to multiply This argument takes us seven failure 

of hypotheses with no supportmg experimental facts ^ ^ j 

of a second strain to become established " "aries 

plymg could mean that the explanation is fanciful 

unable to take an initial step in infect o P ^gjarated into 

and necessitates the conclusion that unre systems which is 

their nucleic acid and idea thal umekted vimses 

neither more nor less plausible t^han the icie^a^ ^ a ^ 

multiply at different sites and indeed , 1,35 the attraction of 

thing in different words The genetic ” fiVhost systems or 

bemg by far the simplest and of mvo 8 behveen related 
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is one of the mam criteria of near re a i particles into protein 

removes from host cells systems that is jj^^ntioning as a necessary 
snd nucleic acid is perhaps more wo initial step m infec 

corollary to the idea that this disruption ® strain of a vinis to 

hon than as an attempt to explain t ® ® 

interfere with the multiplication o aim strains protect plants 

It is of course easier to show “ g effect but v^hene\er tie 

against virulent ones than to show the re' « teen found 

interference between strains has been s strain protects p ants 

to be reciprocal That is to ^ay t the virulent one will nlso 

“gamst a viralent one plants mferte scrologicall) un 

resist infection by the avirulent „ jevent pHnts from bccomi^ 

related viruses however of which ^ ,5 not reciprocal Tobacro 

mfected with the other but the P>'Otect. resist infection « it 

plants mfected with tobacco etch virus n, reads mfcctc 

potato virus Y whereas tlie etch normal plants (Ban den and 

‘ potato virus Y as read.b as it does 


"ith 
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Kassanis, 1945). The content of vims Y steadily declines as tissues be- 
come invaded by the etch vims, until after 2 weeks or so none is 
detectable. It seems unlikely that the etch virus directly inactivates virus 
Y, because the two viruses have very similar stabilities in vitro; more 
probably infection with etch vims prevents the syntliesis of virus 
Y, which is normally maintained at a more or less constant amount only 
because continuing synthesis balances what is being steadily inactivated. 
There is no evidence to suggest what kind of change the etch virus 
produces in cells that prohibits the multiplication of virus Y. 

Almost the opposite effect to that of severe etch vims on potato 
virus Y has been noted with some other pairs of viruses. The increase 
in content of dodder latent mosaic vims when “recovered” plants are 
infected with tobacco mosaic virus (Bennett, 1949) has been mentioned 
earlier in this chapter, and simultaneous infection with potato viruses X 
and Y results in leaves containing several times as much potato virus X 
as in comparable leaves infected with this virus alone (Rochow and Ross, 
1955). Seemingly, one virus of the pair removes or affects some factor 
that normally would limit the amount of the other, but whether synthesis 
of some essential component of the other is increased, or some inactivat- 
ing mechanism is decreased, is unknown. 

V, Conclusion 

Our incomplete story of vims multiplication can be summarized 
simply. Soon after inoculation to a host plant, virus particles change their 
state and become unstable, possibly because their protein and nucleic 
acid become separated. The chances of inactivation during this period 
are considerable and vary greatly with changes in the physiological 
state of the host. Survival apparently depends on the nucleic acid be- 
coming incorporated in host-cell mechanisms that control the metabolism 
of the cell. Consequently, synthesis takes new directions and within a 
few hours virus nucleic acid and protein are formed, first as separate 
entities, which then combine into complete virus particles by an assembly 
process essentially different from multiplication. Indeed the word multi- 
plication seems applicable only to the formation of the nucleic acid, 
for the requisite protein can occur in cells invaded only by nucleic acid 
and where there is no virus protein either to multiply or to act as a 
pattern for its own synthesis. Seemingly, the structure of the nucleic 
acid not only allows it to be self-replicating but also to determine the 
type of protein made. While the nucdeic acid is increasing, opportunities 
arise for it to change its structure, either by faulty copying (mutation) 
or by exchanging parts of its structure with other, related, nucleic acid. 
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the protein plays nny role other than protecting the nucleic acid 
is unkno\ni, but tin’s is vital because the nucleic acid is readily in- 
activated by exposure to many conditions that arc Iiarmless to completed 
virus particles. Vims fonnation in any eel! increases to a limit that varies 
with different vimscs and with different ph)siologfcal slates of the host 


cells; it seems to l>c a continuing rather tiian a oncc-and*for-all process, 
with the content of completed particles at any one time depending on 
die balance between their fonnation and breakdown. The virus content 
of Ic.avcs continues to incrc.isc for m.iny da>s after they arc inoailated 
with a vims that liccomcs s>slcmic. because an increasing number of 
cells liccomc infected bv \ims spreading from earlier infected cells in 
which it has alrcadv incrcasctl. In each newly infected cell, the same 
sequence of events is probablv repealed, but with less uncertainty a out 
the result, because when vims from the inoailum beromes inactivated 
in the first infected cells, there is none to replace it, whereas tlie supply 
for cells invaded later is almost unlimited. However, there .arc 
in which cells can bo infected hut the aims in them seems unable 
invade or Iwcomo established in its neighbors. , „ 

. Tito study of plant viruses is still much in 

ing phenomena rather than of csplaining them, .an almost 

incomplete story entails much speculation and f 

unreasonable c.stcnt from will doubtless con- 

'Wis. These .are f.avorablo csperimcnt.al ">010™' urirentlv need 

tinue to provide much new information, but o e j 

study ,0 l-now whether these most studied 
optional. I h.avo tried to show that some oo > 
be fitted into the gcncr.al stor)-, but ' js jh ^ 
formation, even on those few, is "Oob> > ^ 

distinguish between facts and spcculati , tj-eated as speculations, 
succeeded I hope tlic obscure statemen s \ theories serve a useful 
This way no harm is done, for speculations Sallies" to be shot 

purpose only as stimulators of rescue a ^ stultifies research 

at, whereas to assume that more is knowTi are changing 

perpetuates error. Ideas about -acidly developing subject, 

almost continuously, and vims reseaiCT i j 


almost continuously, and vims reseaiCT i j 

I^oubtless, much in this chapter will som if the obvious 

present only an interim report. It wi . discoveries there are yet to 
pPs in knowledge indicate what sign t-g^t that promises to yield 
he made and attract more workers to a plant pathology, 

Jesuits that will be important and significant, not on y p 


^ in most branches of biology* 



112 


F C BAWDEN 


References 

Bawden, F C 1954 Inhibitors and plant viruses Advances in Virus Research 2. 

31-57. , 

Bawden, F G 1958 Reversible changes in stKuns of tobacco mosaic virus irom 
leguminous plants J Gen Microbiol 18j 751—766 
Bawden, F C , and B D Harrison 1955 Studies on the multiphcation of a tobacco 
necrosis virus in moculated leaves of French bean plants J Gen Microbiol 13. 
494-508 , , 

Bawden, F C, and B Kassanis 1945 The suppression of one plant virus oy 
another Ann Appl Biol 32: 52-57 

Bawden, F G , and B Kassanis 1949a Some effects of host nutrition on the sus- 
ceptibihty of plants to infection by certain viruses Ann Appl Biol 37; 
Bawden, F G , and B Kassanis 1949b Some effects of host-plant nutrition on the 
multiplication of viruses Ann Appl Biol 37 : 215-228 
Bawden, F G , and B Kassanis 1954 Some effects of thiouracil on virus infected 
plants J Gen Microbiol 10: 160-173 

Bawden, F G , and A Kleczkowski 1948 Variations m the properties of potato 
virus X and their effects on its mteractions with ribonuclease and proteolytic 
enzymes ] Gen Microbiol 2: 173-185 

Bawden, F C , and A Kleczkowski 1952 Ultraviolet mjury to higher plants 
counteracted by visible hght Nature 169. 90 
Bauden, F C , and A Kleczkowsla 1953 The behaviour of some plant viruses after 
exposure to ultraviolet radiation J Gen Microbiol 8: 145-156 
Bawden, F C , and A Kleczkowski 1955 Studies on the abihty of hght to counter- 
act the inactivating action of ultraviolet radiation on plant viruses / Gen 
Microbiol 13. 370-382 

BaN\den, F C, and A Kleczkowski 1957 An electrophoretic study of sap from 
uninfected and virus infected tobacco plants Virology 4: 26-40 
Bawden, F C , and N W Pine 1945a The separation and properties of tobacco 
mosaic virus in different states of aggregation Brit J Exptl Pathol 26. 

294-315 

Bawden, F C, and N W Pine 1945b Further studies on the purification and 
properties of a virus causing tobacco necrosis Brit J Exptl Pathol 26: 

277-285 

Bawden, F C, and N W Piric 1956 Observations on the anomalous proteins 
occurring in extracts from plants infected with strams of tobacco mosaic vuus 
J Gen Microbiol 14: 460-477 

Bawden, F C , and N W Pine 1957a A xarus-inactivaling system from tobacco 
leaxes J Gen Microbiol 16: 690-710 

Baw den, F C , and N W Pine 1957b The activity of fragmented and reassem 
bled tobacco mosaic xanis J Cen Microbiol 17; 80-95 
Bawden, F. C, and F. M Roberts 1947 The influence of light mtensity on the 
susceptibility of plants to certain xmiscs Arm Appl Biol 34: 286-296 

Bawden, r C , and F M Roberts 1918 Photosynthesis and predisposition of plants 

to infection with certain xiruscs Ann Appl Btol 35: 418-428 
Bennett. C W 1919 Rccoxcr^ of plants from dodder latent mosaic rhi/topathology 
S9: OIT-OiO 

Best. R J 1^35 Hit effect of emaronment on the production of primar> lesions b> 
plant xlruscs J AustTollan Inst Agr. Sri 1: 150-101. 



3 THE MULTIPLICATION OF VIRUSES 


113 


Best, R J 1934 Cross protection by strains of tomato spotted wilt viriis and i new 
theory to explam it Australian J Biol Set 7: 415-424 

Best, R J , and H P C Callus 1954 Further evidence for the transfer of character- 
determinants ( recombmation ) between strains of tomato spotted mit virus 
Enzymologia 17: 207-221 

Bhargava, K S 1951 Some properties of four strains of cucumber mosaic virus 
Ann Appl Biol 38: 377-388 

Black, L M 1955 Concepts and problems concemmg purification of labile msect 
transmitted plant viruses PhytopatJiology 45: 208-216 

Casterman, C , and R Jeener 1955 Sur le mecamsme de 1 inhibition par la ribo- 
nuclease de la multipUcation du virus de la mosaique du tabac Biochim et 
Biophys Acta 16: 433 

Cheo, PenChmg, G S Pound, and L G Weathers 1952 The relation of host 
nutrition to the concentration of cucumber virus 1 m spinach Phytopathology 


42: 377-381 , , 

Cochran, G W , and J L Chidesler 1957 Infectious nucleic acid in plants wlh 
tobacco mosaic virus Virology 4: 390 

Cohen, S S 1955 Comparative biochemistry and vnology Advances tn Virus tie- 
search 3. 1-48 „ , 

Commoner, B 1953 Plant viruses and protems In The Dynamics of Wrus and 
Rickettsial Infections” ( F W Hartman, F L Horsfall, Jr , and J G Kidd, 
eds ) McGraw Hill, New York pp 71^5 
Commoner, B 1957. The biological activity of tobacco mosaic virus components 
^ N y Acad Set, Spec Publ 5 . 237-246 . , 

Commoner, B , and F L Mercer 1951 Inhibition of the biosynthesis of toba 
mosaic virus by thiouraal Nature 168. 113-114 . . r 

Commoner, B , and F L Mercer 1952 The effect of thiouracil on the rate of tobacc 
mosaic virus biosynthesis Arch Btochem Biophys 35: 2 , , 

Commoner, B , and S D Rodenberg 1955 Relationships between tobacco mosaic 
virus and the non virus protems J Gen Physiol 3S: 475-49- 
Commoner. B, P Nervmark, and S D Bodenberg 1952 An electrophoreUo analy 
S!s of tobacco mosaic virus biosynthesis Arch Bioc em top lys • 

Do Fiemeiy. D . and C A Kn.ght 1955 A chemical companson of throe strains 
„ of tomato bushy stunt vnus J Biol Chem 214: 559-S6B 
'^“enkel Conrat. H 1950 The role of nucleic acid m the reconstitation of acme 
tobacco mosaic virus ] Am Chan Soc 78: S82-883 combination of 

D'oonkel Conrat, H , and B Smger 195V ’^'^TTJbiX^ aL 2i. 

protein and nucleic acid from different strains Btochem ct B P J 

'■'ooSe^Lat, H, and B C Wilbams 1955 f oconstita^on ojjcti^c^tob^^ 
tnosaio vims from its mactive protem and nucleic acid P 
Acad Set U S 41: 690-698 „ , ,i,irr,riion studies of the 

■«. R, A King, and K C Holmes 19o ^J“y ^i^turc of Viniscs" 

ttracture and morphology of tobacco moHic sinis 1" 

tihoruclcc acid from tobacco 
■<Tl ."nd c't'LTh; Z^^Vfndtcs on £c actioa of mihoiyPCP.ldaic on 

1 tobacco mosaic vims / Biol Chan 214: htmal. 

B D 19560 The lafect.vity of “‘i; 

^ hioculation with vmises / Gen Micro « 



112 


F C BAWDEN 


References 

Bawden, F C 1954 Inhibitors and plant viruses Advances in Virus Research 2. 

31-57. , r 

Bawden, F C 1958 Reversible changes m strams of tobacco mosaic virus trom 
leguminous plants J Gen Microbiol 18. 751—766 
Bawden, F C , and B D Harrison 1955 Studies on the raultiphcation of a tobacco 
necrosis virus m inoculated leaves of French bean plants J Gen Microbiol 13. 
494-508 

Bawden, F C , and B Kassanis 1945 The suppression of one plant virus by 
another Ann Appl Biol 32. 52-57 

Bawden, F C , and B Kassanis 1949a Some effects of host nutrition on the sus 
ceptibihty of plants to mfection by certam viruses Ann Appl Biol 37: 46-57 
Bawden, F C , and B Kassams 1949b Some effects of host plant nutrition on the 
multiphcation of viruses Ann Appl Btol 37. 215-228 
Bawden F C , and B Kassams 1954 Some effects of thiouracil on virus infected 
plants J Gen Microbiol 10 160-173 

Bawden, F C , and A Kleczkowski 1948 Variations m the properties of potato 
virus X and their effects on its interactions with nbonuclease and proteolytic 
enzymes J Gen Microbiol 2. 173-185 

Bawden, F C , and A Kleczkowski 1952 Ultraviolet mjury to higher plants 
counteracted by visible hght Nature 169. 90 
Bawden, F C , and A Kleczkowski 1953 The behaviour of some plant viruses after 
exposure to ultraviolet radiation / Gen Microbiol 8 145-156 
Bawden, F C , and A Kleczkowski 1955 Studies on the abihty of hght to counter 
act the inactivating action of ultraviolet radiation on plant viruses J Gen 
Microbiol 13 370-382 

Bawden, F C , and A Kleczkowski 1957 An electrophoretic study of sap from 
uninfected and virus mfected tobacco plants Virology 4. 26^0 
Bawden, F C , and N W Pine 1945a The separation and properties of tobacco 
mosaic virus in different states of aggregation Brit J Exptl Pathol 26 

294-315 

Bawden F C, and N W Fine 1945b Further studies on the purification and 
properties of a virus causing tobacco necrosis Brit / Exptl Pathol 26. 

277-285 

Bawden, F C, and N W Pine 1936 Observations on the anomalous protems 
occurring in extracts from plants infected with strams of tobacco mosaic virus 
/ Gen Microbiol 14. 46(M77 

Bawden, F C, and N W Pme 1937a A virus inactivating system from tobacco 
lea\es J Gen Microbiol 16. 690-710 

^ Pirie 1957b The activity of fragmented and reasseni 
bled tobacco mosaic virus J Gen Microbiol 17. 80-95 
aw cn, F C, and F M Roberts 1947 The influence of hght intensity on the 
susceptibility of plants to certain viruses Ann Appl Biol 34: 286-296 

r » bn F M Roberts 1948 Photosynthesis and predisposition of plants 
to Infection with certain viruses Ann Appl Btol 35. 416-428 

of plants from dodder latent mosaic Phytopathology 

Best R J 1933 Tile effect of environment on the production of primary lesions b) 
plant viruses / Australian Inst Agr Sci 1; 159-101 



3. THE MULUPUCATION OF VIRUSES 


113 


Best, R J 1954 Cross protection by strains of tomato spotted wilt virus and a new 
theory to expbin it Australian J Biol Set 7: 41S~424 
Best, R J , and H P C Callus 1954 Further evidence for the transfer of character 
determinants (recombination) between strains of tomato spotted wilt virus 
Enzymologia 17: 207-221 

Bhargava, K S 1951 Some properties of four strains of cucumber mosaic virus 
Ann Appl Biol 38: 377-388 

Black, L M 1955 Concepts and problems concemmg purification of labile insect- 
transmitted plant viruses Phytopathology 45. 208-216 
Casterman, C, and R Jeener 1955 Sur ie mecanisme de 1 inhibition par Ja ribo 
nuclease de la multiplication du virus de la mosaique du tabac Btochitn et 
Biophys Acta 16: 433 

Cheo, Pen Ching , G S Pound, and L G Weathers 1952 The relation of host 
nutrition to the concentration of cucumber virus 1 in spinach Phytopathology 
42: 377-381 

Cochran, G W , and J L Chidester 1957 Infectious nucleic acid m plants with 
tobacco mosaic virus Virology 4: 390 

Cohen, S S 1955 Comparative biochemistiy and virology Advances m Virus Re 
search 3: 1-48 

Commoner, B 1953 Plant viruses and protems In “The Dynamics of Virus and 
Rickettsial Infections’’ (F W Hartman, F L Horsfall, Jr, and J G Kidd, 
eds ) McGraw-Hill, New York pp 71-85 
Commoner, B 1957 The biological activity of tobacco mosaic virus components 
N 1 Acad Sci , Spec Pub! 5. 237-246 
Commoner, B , and F L Mercer 1951 Inhibition of the biosynthesis of tobacco 
mosaic virus by thiouracil Nature 168: 113-114 
Commoner, B , and F L Mercer 1952 The effect of thiouracil on the rate of tobacco 
mosaic virus biosynthesis Arch Btochem Biophys 35; 278-289 
Commoner, B , and S D Rodenberg 1955 Relationships between tobacco mosaic 
virus and the non-virus protems / Gen Physiol 38 475-492 
Commoner, B , P Newmark, and S D Rodenberg 1952 An electrophoretic analy- 
sis of tobacco mosaic virus biosynthesis Arch Btochem Biophys 37; 15-36 
De Bremery, D , and C A Knight 1955 A chemical comparison of three strains 
of tomato bushy stimt virus J Biol Chem 214: 559-566 
FraenJcel Gonrat, H 1956 The role of aucleic aad m the reconstitution of active 
tobacco mosaic virus 7 Am Chem Soc 78: 882—883 
Fraenkel Conrat, H , and B Singer 1957 Virus reconstitution 11 Combmation of 
protem and nucleic acid from different strains Biochem et Biophys Acta 24: 
540-548 

Fraenkel-Conrat, H , and R C Williams 1955 Reconstitution of active tobacco 
mosaic virus from its mactive protem and nucleic acid components Proc Natl 
Acad Set U S 41; 690-598 

Franklm, R, A Klug, and K C Holmes 1957 X ray diffraction studies of the 
structure and morphology of tobacco mosaic vinis In “The Nature of Viruses” 

(G E W Wolstenholme, ed ) Churdull, London pp 39-52 
Gierer, A , and G Schramm 1956 InfecUvity of nbonucleic acid from tobacco 
mosaic virus Nature 177: 702-704 

Hams, J I , and C A Knight 1955 Studies on the action of carboxypcptidasc on 
tobacco mosaic vinis J B!ol Chem 214; 215-230 
Harrison, B D 1936a The mfcctivity of extracts made from Ica%cs at intm-als 
after moculabon wnth viruses / Gen Microbiol 15: 210-220 



Harrison, B D 1956b Studies on the effect of temperature on virus mulUpbcaUon 
in inoculated leaves Ann Appl Btol 44; 215-226 
Hart, R G 1955 Electron-microscopic evidence for the localization of ribonucleic 
acid m the particles of tobacco mosaic virus Proc Natl Acad Sci U S Hi 
261-267 

Hart, R G , and J D Smith 1956 Interactions of ribonucleotide polymers with 
tobacco mosaic virus protein to form virus like particles Nature 178: 739-740 
Helms, K , and G S Pound 1955 Zmc nutntion of Nicotiana tabacum L in rela- 
tion to multiplication of tobacco mosaic virus Virology 1: 408-423 
Hershey, A D 1953 Intracellular phases m the reproductive cycle of bacteriophage 
T2 Ann tnst Pasteur 84: 99-112 

Ilitchborn, J H 1956 The effect of temperature on infection with strains of cucum 
ber mosaic virus Ann Appl Biol 44* 590-598 
Holmes, F O 1934 A masked strain of tobacco mosaic virus Phytopathology 34: 
845-873 


Jeener, R 1954 A prehmmary study of the incorporation in growing turnip yellow 
mosaic virus and its related nonmfective antigen of labelled ammo acids 
Biochm et Biophys Acta 13: 307-308 

Jeener, R , and J Rosseels 1953 Incorporation of 2 thiouraciP^S m the ribose 
nucleic acid of tobacco mosaic virus Biochtm et Biophys Acta 11: 438 
Johnson, J 1947 Virus attenuation and the separation of strains by specific hosts 
Phytopathology 37; 822-837. 

Kassanis, B 1957a The multiplication of tobacco mosaic virus in cultures of 
tumorous tobacco tissues Virology 4. 5-13 
hassanis, B 1957b The use of tissue cultures to produce virus-free clones from 
infected potato varieties Ann Appl Btol 45. 422-427 
Kassanis, B 1957c Some effects of varymg temperature on the quahty and quan- 
tity of tobacco mosaic virus in infected plants Virology 4: 187-199 
Kassanis, D 1957d Effects of changing temperature on plant virus diseases Advances 
m Virus Research 4 : 221-241 

Kassanis, B , and T W Tinsley 1958 The freeing of tobacco tissue cultures from 
potato varus Y by 2 thiouracil Proc 3rd Conf Potato Virus Diseases, Lisse- 
Wagenlngen 

Kleczkowski, A 1946 Combmation between different proteins and between protems 
and jeast nucleic acid Biochcm J 40: 677-687 
Kleczkowski, A 1957 A prehmmary study of tobacco mosaic virus by the gel dif- 
iusion precipitin tests J Gen Mtcrobwl 16: 405-^17 
ecz ovvski, J , and Kleczkowski, A 1954 The effect of nbonuclease on phage host 
interaction J Gen Microbiol 11: 451-458 
Knight, C A 1034 TIio chemical constihilion of viruses Advances m Virus Re 
search 2: 153-182 

-onng, II S 191_ Tlic reversible inactivation of tobacco mosaic virus by crystalline 
nbonuclease J Gen Physiol 25; 497-505 
Lima S E 1933 “General Virology" Wilcy, New York 427 pp 
\ n f " “chIs Advances In Virus Research 1: 315-332 

' ra^iialapfzoi aaMw 

Malthensj^^li E E 1933a Chcmolhcrapj and plant vmises } Gen Microbiol 8: 


Matthews, It E r 1033b Incoiporition of 8 azaguanine into nucleic acid of 
tobacco mosaic vanis Nature 171: 1065-1008 


3 THE MULTIPLICATION OF VIRUSES 


115 


Matthews, REF 1956 Thiouracil m tobacco mosaic \irus Btochim ct Btophjs 
Acta 19; 559 

Meneghim, M , and C C Delwiche 1951 The multiplication of tobacco mosaic 
virus in the host tobacco plant J Biol Chetn 189. 177—186 
Mercer, F L , T E Lmdhorst, and B Commoner 1953 Inhibition of tobacco mosaic 
virus biosynthesis by 2 thiopynmidines Science 117. 55S-559 
Morel, G, and C Martm 1952 Guenson de dahlia attemts dune maladie a virus 
Compt rend 335 1324-1325 

Morel, G , and C Martm 1955 Guenson de pomme de terre attemts de maladies 
a virus Compt rend acad agr France 41 472 
Mundry, K-W 1957 Die Abhangigkeit des Auftretens neuer Vinisstamme von dcr 
Kulturtemperatur der Wirtspflanzen Z Induktice Ahstammungs u Vcrcr 

bungslehre 88 407-426 ,, , , 

Nichols C W 1953 Thiouracil inhibition of tobacco mosaic vims multiplication 

Phytopathology 43, 555-557. , ,n 

Nixon, H L 1956 An estimate of the number of tobacco mosaic virus particles 

Pnee! W t wTe t rluon .0 .cau.,ed tobacco 

RochX! naulupbcabon plaoU doubl, .nfeCed 

by potato viruses X and Y Virology It ♦nh<>f'rn nlants at 

Ross A F 1941 The concentration of 31 41CM20 

different periods of time after mocubtion P nj iSTafiirc 131 4CS 

Salaman, R N 1933 Protective inoculation agamst a p ant 
Samuel. G 1931 Some experiments on moculatmg methods with plant viruses, 

SaJ5/G“R"™dfS' c„ auan.,.a.»e.cU,od. 

With two plant viruses Ann Appl Btol Z , . und die U icdcr- 

Schramm, G 1947 Ober d.e Spaltuog ^abalmo ato uno 

veremrgung der Spaltstucke au hohermolchdaren Protemen 

reaktion Z Naturforsch 2b; 112-121 infection with tobacco 

Schramm, G, and B Engicr 1958 The laleol 

mosaic vims and vims nucleic acid Woftire • , nucicoprolcm from 

Schramm, G , G Schumacher, and W '''' 

tobacco mosaic vims Nature I’®: ^ „,lurai relationships among strains of 
Siegel, A , and S G Wildman I ^_ 2 S 2 

tobacco mosaic virus Phtjtopathou^J ♦ - , infectious centers of 

Stegel, A, and S G Wildman 1958 

tobacco mosaic virus by ultravaolel hgbl events of infection with 

Siegel A, W Gmoaa, and S G Wildman 

tobacco mosaic virus nucleic aad . .-j problems concerning tl»e 

Stahmann. M A. and F Kaesberg 

electron microscopy of plant viruses fro-' ^unts of particles in 


Stecre, 


'°^',;,°„ff,ora counts of particles in 
re, H L 1052 Vims increment „„0 

clarified plant juice Am J Balamy 32: f pl,jropathogcnic s-iruses. 

Selhov, K. J 1950 The problem of hereditary mnaUm P 

Boprint b> Alad Naul. SSSR. „f ro<! shaped partlc’es 

TaUhashi, W N , and M Idm JSo- „[ a prolem fro . mosaic 

scmbling tobacco mosaic varus b> COO-COl , ,, 

diseased tobacco leaves rhytopcthology " protrH w » 

TalahasIiJ, W N, and M Ishil 1053 A macromolrcs 



116 


1 c nWIILN 


tobacco mosaic virus infection ili isolation anti properties Am J liolauy 40: 
85-90 

Thun« T 11 1931 Infcelut prmeiplc ftiid pi int cell in some virus diseases of the 

tobicco plant llamkl Atti Iml Atituiira Cougr C; 150-103 

Tmsle>, T W 1953 llie cffetls of \ir>iiiK llic water supplj of plants on tbcir 
busecptibilily to inftelion with \iniscs Ann A;>j)/ Hiol 40: 75O-7G0 

\an Hyssclbcrge, C, lantl R Jeeucr 1055 Tlic role of tiic soluble intigcns in the 
multiplication of the tobacco mosaic Mnis lUochlm ct liiophy^ Acta 17*’ 
158-159 

Welkie, G W , and G S Pound 1938 Manganese milrilion of Nicotlana tobacum 
L m relation to multiplication of tobacco mosaic virus Virolosu 5: 92-109 

Wildman S G, C C Cheo, and j Bonner 1919 The proteins of green leaves 
III Evidence of the formation of tobacco mosaic virus protein at the expense 
of a mam protein component m tobacco leaf c>tophsm J lUol Clicm 180: 
985-1001 

Wingard S A 1928 Hosts and s>inptotns of ring spot, a virus disease of plants 
J Agr Research 37: 127-153 

\ar\vood, C E 1952a Tlie phosphate effect In plant vims inoculations rhjto 
patholosy 42: 137-143 

Yarwood C E 1932b Deleterious action of water in plant vjnis inoculations 
Nature 169. 502-503 

Yarwood, C E 1935 Deleterious effects of water m plant virus inoculations Vtrol 
ogy 1 268-285 

Yarwood, C E 1950 Heat induced susceplibiht) of beans to some viruses and 
fungi Phytopathology 46* 523-525 



Chapter 4 


Reproducfron of Bacteria, Actrnomycefes, and Fungi 

Lujan E- HA^VKER 

Department of Botany, University of Bristol, Bristol, England 


I. Bacteria 

A. Multiplication by Division of Individual Cells 

B. Spore Formation 

C. Possible Sexual Reproduction in Bacteria and 

D. Conditions Influencing Reproduction of Bactej 

II. Actinomycetes 

A. Vegetative Multiplication 

B. Spore Formation 

III. Fungi , . . . 

A. Vegetative Reproduction 

1. Growth of Hyphae 

2. Budding, Formation of 

3. Chlamydospores 

4. Sclerotia . 

B. Asexual Reproduction 

1. Zoospores 

2. Sporangiospores 

3. Conidia 

C. Sexual Reproduction . 

1. Sexually Produced Scilcntary Spores of tli 

2. Sexual Reproduction m the Higher Fungi 

D. The Effect of Enxironment on Reproduction 
Fungi . 

References . 


Oidia 


its Significance 
•13 Pathogenic on 


Plants 


PIijcom>cctcs 


riant Patho: 


118 

119 

120 
121 
122 
122 
123 
123 
121 
125 
125 
125 
127 

127 
I2S 

128 
131 
131 
13S 
139 
143 

157 

IGl 


When a paU,ogcn!c organism has reached an appropriate host it mmt 
in order to L suLssfal, establish itself in or on that ns n ith 

pathogens remain restricted to a small area of oca i , j speciili/ed 
manylongi causing leaf spots. Some, f 

Kroup of the posvdery mildcss-s, “re a'™°5 ,[ ceils, 

spreading over the surface and putting ha ^ ,l,.mie in it WInl. 
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aver the final distribution of the p.rms.Ie on " " ' ^ ^ 
muluplication of the invading cells is an essential stage 
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sidered to be a form of vegetative reproduction. When the host has 
either succumbed to tlie attack by the parasite or has died or become 
dormant from other causes, the parasite must either enter into a resting 
phase or escape from the original host and migrate to new ones. Repro- 
ductive stages fulfill both these requirements. Many pathogens produce 
both resting cells or organs and other structures adapted for dispersal. 
Where the life cycle of a pathogen includes a sexual stage, the increased 
chance of the emergence of new strains, through the rearrangement of 
nuclear material, offers a third advantage in the struggle for survival. 
A well-known example of this is the production of hybrid strains of 
Puccinia graminis which may have a slightly different host range from 
that of the parent strains and may, therefore, be able to invade wheat 
varieties immune to the latter. 

Reproduction is thus of primary importance to plant pathogens as a 
means of securing their survival and spread and of increasing their 
variability and hence their power of exploiting new situations. Many 
different types of reproduction are found among plant parasites and a 
close correlation may usually be traced behveen the life cycle of a para- 
site and the type of disease it causes. 


I. Bacteria 


The bacteria show a very limited range of methods of reproduction. 
All of them multiply by simple fission of the vegetative cell. This takes 
place rapidly and repeatedly under favorable conditions and is then a 
most efficient means of multiplication and potential spread of the organ- 
ism. Endospores are produced by the group Bacillaceae and by a few 
other forms, but these are sedentary, resistant spores rather than agents 
o mut ip ication and spread. Most plant pathogenic bacteria, moreover, 
are nonsporing rods. Sexual reproduction in bacteria is still a matter of 
controversy and the part it plays, if any, in the life cycle of a bacterial 
plant parasite is obscure. 


Parasitic bacteria enter the plant either through wounds or through 
such natural openings as stomata or lenticels. They have no power of 
^ ® uninjured cuticle. Entry is, therefore, a passive process 

Both parasites and saprophytes enter injured plant tissues but only those 

tlie plant become 

es a IS e . a rapid increase in the number of cells is important. 
Such multiplication is also essential for escape from a dead or dying 
host and in many bacterial diseases of plants the Bnal phase is the exuda- 
tion of slimy masses of bacteria from the dead tissues. Individual bac- 
terial cells may reach new hosts by purely passive methods of distribu- 
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tion, such as in water splashes or by dispersal b} insects The important 
feature here is the rapid production of very large numbers of cells 


A Multiplication by Division of Individual Cells 


Multiphcation of bacteria by bmary fission is a simple and efficient 
means of cell reproduction The speed with which it takes place ^ anes 
with the species and with environmental conditions but when the latter 
are favorable, the rate of mcrease m number of cells may be \er} great 
Owing to the small size of bacteria considerable doubt exists as to the 
exact nature of even such an apparentlj simple process as binar) fission 
The process is essentially tlie separation of t^vo daughter cells formed 
by the development of a wall across the original parent cell 

Smce each new cell must carry the characters necessar) for indc 
pendent existence, some division of the nucelar material of the parent 
cell IS an essential prelimmary to binary fission Neither the exact form 
nor the method of division of a bacterial nucleus is as \et fully deter 
mmed Bissett (1956) beheves that the most common form of a bacterial 
nucleus is rod shaped and that this rod divides trans\erscl> at a central 
constriction He suggests tliat the apparently simple rod may consist of 
a number of distmct nuclei, which are themsehes rod shaped and 
arranged parallel to one another Wliether or not this is a tme picture 
of the bacterial nucleus, it is clear that some such dwasion of nuclear 


material must take place during cell division 

Most observers agree that the next step in fission is the orma ion )\ 
tile plasma membrane of a median septum dii iding the protop ast in o 
two parts (Fig la) It is now also generallj agreed that after the foiroa 
tion of this septum, the lateral cell rrall grons iniiard in^the same p ane 
separating the two daughter protoplasts (Fig I b-d) Tins ingroiith of 
the ceU wall is clearly shoi™ m electron micrographs of thm sections 
Bacillus ccretis ba Chapman and Hilher (19^) 

After the formation of the cross aiali tl.c dan^tcr cells 
at once or the aiall maa be mcomplctc so that thea 
fine protoplasmic strands Activela diaidmg . of the 

nected m chains or clusters for some time before fina separation 
cells IS achieaed ha the snapping of the connecting stra 

Both mnlt.pheat.on and the proa.sion of f ' X'^ocet o 
parasitic baeteL are adneaed ba the ' Taaserare seen 

hinan fission Large numbers of bacterial cc * ‘ d,;,. ,5,. 

" ithm tlic tissues of mfcclcd plants in sue 1 aacalhcr siaiilar 

ofliaaemth caused ha Annd.omonirs l.yarin/h In aact aaca c 
masses are seen to core from lesions on the shoots of aar.m.s 
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with the walnut attacked by Xanthomonas juglandis, or the pear attacked 
by Ere blight {Bacterium amylovoriim sju. Erwmm mnylovora). inese 
surface exudations of bacteria are readily dispersed by various agoncies. 
such as raindrops or insects. Thus, in these examples, fission leads to 
spread of the pathogen witliin the host plant and to dispersal beyond it. 




Fig 1 Binary fission in baclena (a) Cell membrane has formed a septum 
across rod-shaped cell, (b) Wall beginning to grow inward along plane of septum 
(c) Cross-wall completed, (d) Daughter cells separating. 

In many bacterial diseases of plants, such as various leaf spots, or the 
scab diseases of gladiolus (due to Bacterium marginatum), such con- 
spicuous masses of bacterial cells are seldom seen and the injury is 
usually localized. Nevertheless, the progress and spread of these diseases 
also are dependent on multiplication of cells by fission even though the 
process is slower and results in the formation of fewer cells than with 
the more spectacular diseases mentioned above. 

B. Spore Formation 

Endospores are produced under particular circumstances by a num- 
ber of rod-shaped bacteria of the family Bacillaceae. No important 
bacterial pathogens of plants have been shown to produce spores but it 
is by no means excluded that more detailed investigations of their life 
cycles might demonstrate occasional spore production. The great resist- 
ance of bacterial spores to desiccation and toxic substances is obviously 
of survival value. Dowson (1949) includes the spore-forming Bacillus 
mijcoidcs and B. megatcriitm in his account of bacteria causing plant 
disease. These species frequently occur on isolation plates prepared 
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from diseased roots or other material contaminated by soil, but it is not 
clear whether they cause disease. Their power of survival in the soil 
must be enormously increased by the ability to form spores. 

Endospores are formed by the condensation of the cytoplasm of the 
vegetative cell, either through the aggregation of granules which migrate 
to the pole of the cell or, more probably, by condensation of the contents 
of a clear spore primordium surrounded by a membrane (Knaysi, 1942). 
The mature spore is surrounded by a definite wall which is thought to 
consist of three distinct layers. Analysis of the spores and vegetative 
cells of B. mycoidcs shows that water content, protein, and ash are 
similar in both (Virlanen and Pulkki, 1933). Earlier investigators as- 
sumed that water content of the spores is lower than that of the vege- 
tative cell and that this in part accounts for the resistant properties of 
the former. It has been suggested that this resistance is due to the rela- 
tively low water content of the spore and to the inactivation of the 

enzyme systems (Dubos, 1949). , , , t .. 

Spore formation is usually considered to be stimulated by exhaustion 
of nutrients, but other conditions such as aeration may also be important. 
Sudden changes to less favorable conditions do not usually result in 
spore formation. Spore-forming species may give rise to permanently 
nonspore-producing mutants More exact information on Ae conditions 
leading to spore formation is desirable together with detailed investiga- 
tions of the life cycles of plant pathogenic bacteria to determine whether 
some of these occasionally produce spores. 

C. Possible Sexual Reproduction in Bacteria and its Significance 

Evidence for a sexual process in the life cycle of bacteria is pmvided 

by direct observation of “"',1 relh^f^onidia). the formation 

production of microcysts or other vpt/etative cell the 

of bodies strikingly unlike those " bodies during’ cell 

interpretation of dark staining c . b,dividuals from 

division, and the recombination of gen - gently on the possible 

mixed cultures. Very little ^ of the earliest 

sexual stages of bacteria tliat of Stoughton (1930, 

claims that sexuality exists among , (Xanthomonas mal- 

1932) who worked with 

vaceariim), the cause of long been a matter of con- 

The nature of the bacterial nu gj staining techniques and 

troversy. Technical advances, such as i P provided evidence in 

the introduction of the electron essentially similar in 

support of the view that the bacten „„anisms. Chromosomc-hTe 
structure and behavior to that o o 



122 


LILIAN E. IIA^VKCn 


bodies have been seen by some observers (Robinow, 1950; De Lamater, 
1956) and it has been claimed tliat tlic arrangement of these at certain 
stages in the life cycle indicates that a typical reduction division takes 
place (De Lamater, 1956). 

The most convincing evidence for some sort of sexual process in 
bacteria is obtained from the study of mutant strains and strongly sug- 
gests that segregation of characters, such as would result from a reduc- 
tion division, takes place in many bacteria. 

While much of the evidence brought forward to prove the presence 
of a sexual process in bacteria is not conclusive, it is becoming increas- 
ingly clear that sexual phases are not uncommon among bacteria. If 
sexual reproduction does take place, it is clear that the formation of 
hybrid or mutant strains is of great importance among pathogenic 
species The ability to produce new strains confers upon the bacterial 
population the ability to colonize new substrata and to survive under 
new and hitherto unfavorable conditions. 

D. Conditions Influencing Reproduction of 
Bacteria Pathogenic on Plants 

Multiplication by fission is thus the most frequent, or even perhaps 
the only, form of reproduction of plant pathogenic bacteria. This process 
is obviously dependent on all conditions being favorable, since the 
vegetative cell is highly vulnerable to the effect of harmful factors. The 
newly divided cell, with a thin end wall, is probably even more sus- 
ceptible to damage than is a mature cell. The environmental factors most 
likely to influence cell multiplication within the host are food supply, 
temperature, water content, H-ion concentration, and aeration, while the 
formation of bacterial slime at the surface of the host is particularly 
ependent upon the humidity of the air. Thus, the multiplication and 
kper^l of bacterial plant pathogens are dependent upon the weather. 
The absence of resistant spores or other resistant structures accounts 
or t e close correlation between the incidence of bacterial diseases of 
plants and the weather. It is perhaps not too much to claim that this 
ig egree of dependence of reproduction on external conditions may 
account or the fact that the bacteria are, in general, less successful than 
the tungi as plant parasites. 

II. AcnNOMYCETES 

The actinomycetes have been variously classified among the higher 
bacteria, in the Fungi Imperfecli, or as a separate group intermediate 
beUveen bacteria and fungi. Waksman (1950) treats them as a separate 
poup, the Acbnomycetales, distinct from the Eubacteriales and divided 
into three families; (1) Mycobacteriaceae, in which the mycelium is 
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rudimentary or absent, (2) Actmomycetaceae, in which the vegetative 
mycelium readily fragments into baallary or coccoid segments, and 
(3) Streptomycetaceae, in which the vegetative mycelium does not 
normally fragment and in which true spores are produced Two genera, 
Mycobacterium and Streptomyces, mclude species causing plant disease 
Mycobacterium phlci causes a disease of timothy grass and M rubia 
cearum induces tlie production of small nodules on the leaves of certain 
members of the Rubiaceae The latter species is usually considered to be 
a controlled parasite or symbiont, smce its capacity to fix atmospheric 
nitrogen within the leaf nodules undoubtedly benefits the host Most 
plant pathologists consider Mycobacterium with the bacteria The fila 
mentous Streptomtjces mcludes S scabies^ the cause of common scab 
of potato, and some other species causing plant diseases of less im 
portance It is often mcluded m the fungi by plant pathologists 


A Vegetatwe MuUiphcation 

The radividuals of species of Mycobacterium are more or less 
elongated rods and have a characteristic beaded appearance They are 
usually considered to consist of a short, probably septate, filament As 
these grow in length they fragment by a process similar to fte bmary 
fission of the true bacteria Multiplication of individuals and fte pro 
vision of dispersal units is, thus, similar in Mycobacterium and * 0 ^ 
bacteria The fragmentation of the longer branched filamen s of *e 
Actmomycetaceae also serves the same pu^ose o im ‘ disnersal 
number of mdividuals and the production of uni ® ® hartena this 
and consequent spread of the organism Again, as with the bacteria, this 
process is dependent upon a favorable environment 

Fragmentation of the filaments of Streptomyces ^^'^m ^ f ““ 
It IS not definitely established whether the Xil of 

but in either case growth in length leads to an in 
vegetative thallus and, thus, to “ penehation^f W 

that sense, growth may be conside bicteria, does 

but Streptomyces, unlike ^, 5 ,^ dispersal unit here is a true 

not produce vegetative dispersal units V jpecial asexual 

spore as in mo!t fungi With the 1^!%— of 

dCtfrits“:?n;”::hievedbyonea^ 

Simple process of cell division 

B Spore Formation 

^ Hie spores, or so called con.iha of »%C‘Thartrv be 
Sr 4 eXs“aigl.t’’ofs;:ral (m d^a-ivise or anticlockwise direction,. 
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single or in tufts. All are similarly formed by the rounding-off of the 
protoplasm into spherical masses between which cross walls develop by 
ingrowth of the lateral wall. The cells thus formed round off and finally 
separate as distinct spores. Sporulation proceeds from the tip of the 
hypha toward the base and, thus, these spores are oidia or arthrospores 
rather than true conidia. In some Actinomycetes, notably species o 
Nocardia, thick walled chlamydospores are formed in the vegetative 
mycelium. The spores of Micromonospora, which are formed singly on 
short side branches, have also been interpreted as chlamydospores by 
some observers (Waksman, 1950). 

Klieneberger-Nobel (1947) claims that sporulation in Strcptotnyccs 
is preceded by a fusion of sexual branches, but while fusions of hyphae 
have been observed by other investigators, it is not clear whether these 
are sexual fusions or whether they are anastomoses behveen vegetative 
hyphae of the type common among true fungi. Whether or not these 
fusions are true sexual ones, they may well lead to a redistribution of 
nuclear material and a consequent increase in variability. 

in. Fungi 

The life cycle of a plant parasitic fungus may be divided into a 
number of biological phases. (1) The first phase is that of penetration 
of the host. Reproduction plays no part in actual penetration. (2) When 
penetration of the host by an infection hypha or haustorium has been 
achieved, the second phase of establishment within or on the host begins. 
This involves vegetative multiplication of hyphae which continues until 
the host is destroyed or fungal growth is checked by host resistance or 
other adverse environmental conditions. (3) Before this stage is reached, 
a third phase of rapid spread of the parasite to new hosts usually begins. 
Reproduction plays a major part here by the formation of spores or other 
infection units, called propagules by Garrett ( See Chapter 2 of Volume 
III). The exploitation of the original host and the spread of the parasite 
to new ones continues as long as conditions are favorable to growth and 
reproduction of the fungus, but when, either as a result of death of the 
host and exhaustion of food supply or of seasonal changes, such as the 
approach of winter cold or summer drought, the environment becomes 
less favorable, the pathogen enters a phase of resistance to the unfavor- 
able conditions. (4) Here reproduction is again of primary importance 
and while some fungi are able to survive throughout the year in a vegeta- 
tive or asexual stale, the majority produce resting bodies protected by 
tliick walls or other devices. The most frequent form of resistant body is 
a resting spore, which may often be produced as the result of a sexual 
process. Thick walled vegetative bodies, such as sclerotia may play a 
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similar part in resistance to temporaiy unfavorable conditions. (5) With 
the return of favorable conditions reproduction is again the means by 
which new infection units are produced in sufficient numbers to enable 
the parasite to become established on suitable hosts once more. Thus, 
the success of nearly all fungi parasitic on plants is dependent at some 
stage of the biological life cycle on some form of reproduction. Repro- 
ductive processes of fungi are much more varied than those of bacteria 
and Actinomycetes and this may in large part account for the relatively 
better success of the group in parasitizing plants. 

A. Vegetative Reproduction 


1. Growth of Htjphae 

The vegetative thallus of most fungi is a mycelium composed of 
branched filamentous hyphae, which enables the fungus ^ spread 
within the host. Many fungal parasites ultimately ramify throughout the 
intercellular spaces of a whole plant, and are then said to be 
Others penetrate and destroy the cells of the host plant, while yet 
are unable to spread far beyond the point °fpe"e‘=^ehon and remain as 
localized infections. Hyphae grow from the tip area but ‘ 

eluding the formation of haustoria), thickening of 

of the protoplast the development of pigment, and other changes may 

.1 z - 3 — 

IS not usually considered to be a fe™ barteria Hyphal growth and 
the same function as bmary 2“'™ J withiTthe host than is 

branching is a more ^cfively advance and push their 

shown by the bacteria, smee the h^h t_^ inefficient in providing 
way between or into the host cells, 
propagules. 

2. Budding, Formation of Oidia 

A closer parallel to the bacteria is seen thrfom of a sprout 

do not produce stable hyphal “,j.,jny multiply either by binary 

mycelium, that is as a mass of smgie • g^in-osacclioromi/ccs) or by 
fission, as in the bacteria, (e.g , . " ts, including the genus 

budding (Fig. 2, a.b) as the majmiV ^j^nholic fermentation. In 
Saccharomtjees, species of which ^ j-fjons of nutrition and other 
a budding yeast, under favorable buds which grow in 

factors, the cell puts out one or more p r parent cell. In an 

size and finally round off and ® ^ budding yeast, the final 

actively growing colony of eith^ a si chains of cells may 

separation of the new cells may be c y 
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ic _ egetativc reproduction m fungi (a) Budding cells of Saccharomyces 
(b) Cells of ScMzosoccbaronij/ccs octosporiis dividing by fission 
cj ucor raccmosus, formation of chlamydospores (d-i) Stages in formation of 
sc cro mm o otryfw allil b> repealed dichotomy of original hypha, followed by 
anas omosis and adhesion of branches and thickening of cell walls (j) Transverse 
section mature sclcrotium of B aJlti, showing extent of outer rind of thick walled 
^lls Mapiification a. b, X 800, c X 400, d-i, x 500, J, X 20 d-j after B B 
Townsend and 11 J Willetts, Brif Mtjcol Soc Trans S7, 1054 
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be formed temporarily. The true yeasts are not pathogenic to plants, 
but certain yeast-like fungi, the so-called fungi of stigmatomycosis, e.g., 
Nematospora coryli, which readily form a sprout mycelium, cause dis- 
eases of cotton and other plants. Many plant parasites, such as Taphrina 
deformans and certain smuts, readily produce a sprout mycelium or form 
oidia in culture or under certain conditions in nature. The so-called 
“mirror yeasts,” Sporobolomyces and Bullet a, are common epiphytes 
on various plants but are not known to cause disease. On the whole, the 
part played by an oidial or yeast-like stage in the life cycle of fungal 
parasites is negligible. 


3. Chlamydospores 

As a fungal hypha grows at the tip, the older parts tend to become 
empty of contents and, with normally aseptate species, are cut off by 
septa from the living parts. In some fungi, before this stage is reached, 
the contents collect in certain cells of the hypha, in terminal cells of 
short branches, or in certain parts of an aseptate hypha, and^ become 
oily and surrounded by a more or less thick wall. Such a body is known 
as a chlamydospore (Fig. 2c). It is generally assumed, but without any 
conclusive evidence, that the formation of chlamydospores is induced 
by the onset of unfavorable conditions, notably by a fall in concentration 
of available food materials. In particular species, chlamydospores are 
induced by adverse nutritional conditions such as a high concentration 
of sugar (Ig., species of Mucor), a low carbon-nitrogen 
oxy^orum; CaMe, 1956), or a general reduction m available food 

..ppfa (S.p,*,... CU.',5“ 

rri'?-.' u- « 

survival of these fungi in the soil or on dead host plan s. 

4. Sclerotia , , ^ i 

Resistant bodies of a more “"P^^,“/"h„se^vh^°are'^ soil-borne^ 

V many plant pathogenic fungi, P“‘‘“/’“7„!Ii:regations of hyphae and 
These bodies, known as sclerotia, consis and imastomosis 

are formed in various ways by the repe 1954). Tlie individual 

of the constituent hyphae (Townsend W 

oells of these hyphae often round o nhizoclonia solani, 

looks like a true tissue. Some “oleroha. -S^ constituent cells 

more or less uniform in stru^re S ’ belter considered as a 

being similar and thick walled. iTiis type may be 
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mass of chlamydospores than as a true sclerotium. More frequently, 
sclerotia show an outer protective zone of thick walled cells, usually 
dark colored, and an inner mass of cells with thinner hyaline walls and 
dense contents (Fig. 2, d-J). Reserve foods, including oils and glycogen, 
are accumulated in sclerotia so that the structure is well adapted for 
survival over a period of adverse conditions. Some sclerotia germinate 
by putting out masses of vegetative hyphae but many produce spe- 
cialized stromata on or in which the sexual spores are borne (e.g., the 
ergot, Claoiceps purpurea, or various species of Sclerotinia) . Fungi 
which produce sclerotia are often able to survive for long periods in the 
absence of the host plant and are often (as with Phymatotrichum, the 
cause of cotton root rot, difficult to eradicate from the soil. 

B. Asexual Reproduction 

The most usual method of spread of plant pathogenic fungi during 
periods of favorable environmental conditions is by large numbers of 
asexual spores. In the large group of the Fungi Imperfect! no other form 
of spore is known and in many Phycomycetes and Ascomycetes asexual 
spores predominate. These spores are usually small, contain no great 
accumulation of reserve foods, have comparatively thin walls and are 
produced in large numbers. They are, therefore, a relatively economical 
method of reproduction and, under conditions favoring their formation, 
dispersal, and germination, are a highly efficient means of spread of the 
fungus to new hosts. 

Asexual spores may be motile zoospores which are formed in 
zoosporangia by many lower fungi; they may be nonmotile but formed 
in sporangia, as with many members of the Mucorales; or they may be 
produced directly on the mycelium or on specialized hyphae or conidio- 
phorcs, as in many higher fungi. 

1. Zoospores 

Zoospores arc produced only by certain lower fungi and are typical 
of these members of this group which occupy aquatic or semiaquatic 
habitats. Tlicy arc formed in special sac-like cells, the zoosporangia. In 
the unicellular holocarpic chytrids, the zoosporangia arc usually flask 
shaped and are formed from the whole unicellular lhallus which is used 
up in the process (Fig, 3, d-f). In Stjnchtjtrliim cndohioticum (causing 
black wart disease of the potato), the whole thallus is cxtnided into a 
vesicle, or prosorus in which a group or sonis of zoosporangia is formed 
(Fig. 3, a-c). Tlic plasmodium of Plasmodiopliora hra^sicae (causing 
club root of crucifer) which fills the host cells, eventually forms a mass 
of spores, each of which later sets free a zoospore into the soil. In the 
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mycclinl groups, of which the Oomycctcs are the most important, the 
zoosporangia arc intercalary or terminal in the simpler species and 
terminal on simple or branched specialized hyphae or sporangiophores 
in tlie more advanced ones (Fig. 3, g-m). They are usually cylindrical 
or globose and become more clearly differentiated from the vegetative 
h)phac in the higher Oomycctcs. Tlio young zoosporangium has rela- 
tively dense contents and, in hj^ihal species, becomes cut off from the 
parent hj^iha by a septum. Fissures develop in the cytoplasm of the 
zoosporanginm cutting out uninucleate polygonal blocks which round 
off and develop cilia. Tlie differentiation of the zoospores takes place 
inside the zoosporangium in most species, but in Ptjthiiim the contents 
of the latter are extruded into a vesicle where the zoospores are formed. 
A similar vesicle is sometimes formed by zoosporangia of some species of 
VhxjtophthoTtt, but the zoospores are usually formed within the spo- 
rangium before cMnision into the vesicle. Tlie zoospores are shed by the 
opening of a special apical pore in tl.e wall of tl,e zoosporanginm (as m 
species of Sainolcgnia), by the removal of a OTall lid or operculum (as 
in some chytrids), or most commonly by the burstmg o le wa 
zoosporanginm or of the vesicle arising from it. On release, the zoospores 
are iahed globules of protoplasm. lacking a cell 
possessing one or two cilia or flagella Tlio shape of ^ f “ P° « (PfJ; 

formorreniform) Blastoeladiales, and 

taronomio importance. Zoospores ot tno c y 
Monoblepharidalos are uniflagellate, those o e 
b., .1 

Oomycetes have two or more less equal g 
actively for some time after they are shed and ‘o 

draw their flagella, and become water molds 

occurs usually by the production o • 8 species exhibit 

(Saprolegniales) the story is more zoospores have two motile 

the phenomenon of diplauetism, t P zoospores 

Phases separated by a period of --y^P^^'^^yh'se it is reniform. In 
in the first phase is pyriform but in Pythium and 

the higher Oomycetes there is a > jnce zoospores under 

^htjfophthora, for the zoosporangium « function- 

yelatively dry conditions and to germina phase increases in 

as a conidium. This tendency to omi Eremia zoospores are 

the Peronosporaceae until in and Prm 

unknown. . . r .tg sexually produced resting 

In many Phycomycetes germination o ^ ^ more advanced 

spore occurs by the production of zoosp ’ on the presence 

species by a germ tube. This decrease 
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I reproduction of represcntitue Phycomycctes (a-c) Synchy 
9 ") TraJ nay Soc L Jon B210, 
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of free water for the dispersal of reproductive units is obviously of great 
advantage to fungi parasitic on terrestrial plants. Zoospores are an 
efficient means of reaching new host plants or other suitable substrata 
in an aquatic habitat or in very wet soil, but a terrestrial fungus or one 
parasitic on terrestrial plants is exposed to considerable hazards if its 
life cycle contains a motile phase. 


2. Sporangiospores 

Nonmotile spores produced in sporangia are comparatively rare 
among fungi and are characteristic of the simpler genera of the Mu- 
corales such as Mucor, Bhizopus, and Absidia. This group does not 
contain any plant pathogens of major importance, although Rliizopus 
nigricans and perhaps some other species attacks overripe fruits, bulbs, 
and other semimoribund or dormant plant parts. 

The sporangia of R. nigricans are produced terminally on^ stout 
unbranched or sparsely branched sporangiophores, usually arising in 
hifts. The sporangiophore grows upward, elongation taking just 

behind the tip. The tip ssvells up to give a spherical sac m which tte 
cytoplasm becomes rather dense. When this young sporangium has 
attained full size, a wall is laid down m such a way as to give a more or 
less thimble-shaped structure, the columella, projecting mto the cavity 
of the sporangium (Fig. 3,n-r). Fissures develop in the sporangium 
and cut oS small polygonal uninucleate blocks of oytophs^ 
off. secrete a cell waU, and become darkly ^'3'. 

shed by the rupture of the sporangial wall and are readily d |=rscd by 
air c Jents. The whole process of spore formation is 
be repeated many times so that it is a ' ' 

W S^fb^eXrrat ;:odr Ure 

their spores singly and externally, often o 
On the swollen apices of these. 

3. Confdki .1 

1 •. level of efficiency among tJie 

Asexual reproduction reaches its and Fungi ImpcrfccU'. 

higher fungi, particularly among the > 

Tnlr) 

branched Eponmeophore bearing ran-nim. coln-ndl. inrt rrnhV 

Sporangium, contents undifferentiated (0/ sporangiorpores (;:) 

(P) Mature sporangium of this JpedcJ) and rcnnhii 

"Poranginm. sWg spiny columella “„o„,: afP MO. y CCO 

torn Sporangium (h) Sporangiospores 
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Here the usual type of asexual spore is the conidium. Conidia are single 
cells, or small groups of cells originating as single cells, which are not 
enclosed in sporangia but are formed exogenously, usually on special 
hyphae or conidiophores, but in some species directly on the ordinary 
mycelium. They are readily detached from the parent hyphae and are 
normally formed rapidly in large numbers. Most conidia are not much 
more resistant to unfavorable conditions than are the vegetative hyphae, 
although their contents may be rather denser and their water content 
correspondingly lower. Many of them are dry and readily become air- 
borne, others are slimy and are dispersed by other means, although even 


some originally slimy spores find their way into the air. Conidia thus 
provide a relatively economical and highly efficient means of reproduc- 
tion and of the rapid formation of propagules. Conidia are the chief 
means of rapid spread of the fungi that cause many plant diseases. They 
tend to be formed during the growing periods of both host and pathogen, 
that is, usually in the summer, and, with some exceptions, cease to form 
with the onset of less favorable conditions. 


The term conidium” is of wide application and covers spores of 
varied form and produced in a number of distinct ways by fungi of 
widely separate groups. 

Among the Phycomycetes some members of both Oomycetes and 
ygomycetes produce conidia. Under rather dry conditions, the sporangia 
0 some species of Pythium, Phytophthora, and Ptasmopara germinate by 
a germ tube instead of by the normal method of germination in which 
p50spores are formed and released. The "sporangia” of Bremia and 
cronosporn never form zoospores and always germinate by means of a 
gCTO u c. They may thus be interpreted as conidia. Among the Zygo- 
m>cc cs, too, the evolution of the conidium from a multispored sporan- 
^nim las probably taken place. It has already been pointed out (p. 131) 
a some species of Mucoralcs produce numerous small sporangia or 
orangio cs, each containing a small number of spores. Forms such as 
. ^h^loccphalis, and Choanephora produce conidia e\- 

^ ' 1^1 conidium may be considered to be a single-spored 

nf ^ double cell wall in contrast to the sporangiospores 

^ have a single wall. In the remaining groups of the 
nr i^amcly the Entomophthorales, most members of which 

.0 arasi ic on Insects, and the Zoopagalcs, members of which arc 
acious on nmchae and other soil protozoa, conidia are the most 
usual fonn of asexual reproductive spore. 

Tlio Funci Tmpcrfccli and the conidial stages of other higher fungi 
arc clnssincd in an .arhitrarx- manner according to whether (1) the 
comdi.a are produced frcch- over the mycelium, on the ordinan- lo-pliac 
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or on special aerial conidiophores (the Hyphomycetes), (2) m special 
groups (acervuli) breaking through the outer layers of host tissue (the 
Melancomales), or (3) m more or less globose bodies (pycmdia) withm 
or on the host tissue (Sphaeropsidales) A fourth group, the Myceha 
Sterilia, includes those Fungi Imperfecti which are not Imown to orm 
conidia or spores of any type The conidial forms are furt ^ su ivi e 
accordmg to whether the spores are readily distmguishable from the 
hyphae (macronemae) or not (micronemae). and on such characters as 
color of spores and conidiophores. septation and shape of spores, form 
and branchmg of conidiophores, formation of conidia singly or “ 
etc. This arbitoary grouping puts together species m which thejnode of 
formation of the conidia is “^enbally different, and separates ^ma^y 
obviously related forms Attempts have been ma e o ^ classificabon 
types of conidia more clearly and to dev^e a more 

based on these fundamental “e^era^^ 

Hughes. 1953) but so far no such classdicat.on has been generally 

accepted conidium which he termed 

Vuillemm recognized two types which he 

thallospores and contdm vera Mason *“88 interpreted 

called radulospores Thallospores or “ usually possess the 

as termmal chlamydospores, ^thoug y 

thick wall of a typical chlamydospore y ‘ g g _ Tricho- 
hjTha by a cross waU at phialospores, on the other 

thecium, Helminthosponum Conidia j,g.,n 2 development These 

hand, are not cut off by a transverse ,„g,.dg variously 

spores are produced in basipetal , j,„ngli) from the apeit of 

shaped termmal part of a h^ha ^ gg_ Asporgdlus, Fern 
which the thin walled conidia are stengma, e g , Bolrytis 

ciUmm Radulospores are each borne arthrosporcs for 

Other terms have been used by various Uypha, e g , Strcptonujccs, 
conidia” formed by the tuddmg of “conidn” produced 

and hlastospores for spores forme y human and animal 

as lateral buds from filamentous hyphae, eg. 

pathogens Blastomyces and Candida distinction bctiiccn 

Mason (1937) also stressed the impo spores 

those forms witli dry spores, ^ y,‘( use as a means of clis 

Gloiosporae This distmction, svhile considering plant 

sification and identification, j i^mccn dn spores, « Inch art 

PTlhogens, smee the biological „„'^ 5 ualb dispersed In other 

wmd dispersed, and slime spores, nianncr in vliich span 

means, is correlated with a difference 
Ibese two types reach new host p 
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Further subdivisions of spore type have been made by Hughes 
(1953) and others. Such attempts are of great taxonomic interest but at 
present are of little help in the identification of conidial stages and throw 
no light on the parasitic ability of plant pathogens. In a consideration 
of the relation between reproduction and the ability of a fungus to cause 
disease, the exact method of spore formation is of less importance than 
the efficiency of the resulting spores as agents of disease spread. Conidia 
formed in fundamentally different ways may have a similar function 
and play a similar part in the establishment of the pathogenic fungi 
which form them. No attempt will, therefore, be made here to give a 
comprehensive review of the range of developmental form among 
conidial species, but representative plant pathogens which produce 
comdia will be considered. 

a. Hijphomycetcs. The simplest form of conidia are those already 
described (p. 124) for species of Streptomyces (sometimes classed 
among Fungi Imperfect! by plant pathologists) in which the cells of a 
hypha segment and round off to form chains of spores. Hughes (1953) 
calls these spores “arthrospores” and considers their mode of formation to 
be similar to that of the conidia of some Basidiomycetes and of the im- 
perfect genus Geotrichum. Other investigators have interpreted them as 
oidia, but they diffei from true oidia in germinating by a germ tube 
rather than by the production of a mass of yeast-like cells by budding. 

A somewhat similar type of formation of conidia is seen in Monilid 
which includes the imperfect stages of the bread molds, Neurospora spp., 
and of the species of Sclerotinia {Monilinia) causing brown rots of 
rosaceous fruits. Certain yeast-like fungi, including some animal patho- 
gens better transferred to Candida, have also been included in Monilia. 
The species of Monilia which are the imperfect stage of the brown rot 
fungi may be taken as typical of the genus. These form large numbers 
of conidia in branched chains closely crowded together, and forming 
concentric rings on the diseased fruits. The conidia are formed acro- 
petally and differ little from the cells of the conidiophore. The wall 
bet\veen two adjacent cells splits into two layers and a small plug is 
formed between these layers and acts as a disjunctor causing the separa- 
tion of the conidia (Fig. 4a). 

In a number of other genera, the conidia are produced basipetally 
on simple or branched chains. The generic name Otdmm (Fig. 4b) is 
used by plant pathologists exclusively for the imperfect stage of tlie 
Erysiphaceae or powdery mildews, although some other forms have been 
included in it (Hughes, 1953) from time to time. The septate mycelium 
of a typical powdery mildew ramifies over the surface of the host plant 
and puts hausloria into the epidermal cells. From this mycelium, numcr- 
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^ Ti me examples of different methods 

Fig 4 Conidn Diagrammatic sketches s ow s fructigena branched 

of formation of conidia not drawn to noneht chains of hyalme comdia 

chains of hyalme comdia (h) Otdium sp verticiUate branching hyalme 
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above (1) Marssomno penueHomuno “^^^diophores from wh ch t« o^M 
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ous Upright chains of conidia are produced, as in Fig. 4b. The mature 
conidia separate readily from the chain. As is well known, the powdery 
appearance of these fungi is due to the numerous conidia which they 
produce. Many of them either do not form the ascosporc stage or do so 
only rarely. 

Monilia and Oidium are typical of the micronemae group of the 
Hyphomycetes Other genera such as Cladosporium, Ramularia, Cerco- 
spora, and Cercosporella are borderline examples. Hughes (1953) de- 
scribes the conidia of these genera as blown out ends of the hyphae. The 
genus Cladosporium, which includes both common saprophytes, such 
as C. herbarum, and important plant parasites, such as the tomato mold, 
C. fulvum, produces dark, variously branched, often clustered conidio- 
phores from the ends of which dark colored, one-to-two celled conidia 
are produced singly or in chains. The wide distribution of C. herbarum 
is evidence of the efficiency of these spores as propagules. Ramularia 
includes a number of species pathogenic to a wide range of plants. The 
conidiophores emerge in clusters through the stomata of the host. They 
are short and slender and usually hyaline but are dark in some species 
The conidia are hyaline and cylindrical They commonly consist 
of two or more cells in a row, and frequently remain attached in short 
chains. Cercospora and Cercosporella are similar to Ramularia but pro- 
duce longer spores with more numerous septations. Tliey differ from each 
other in possessing dark and hyaline conidiophores, respectively. Gregory 
(1939) showed that the shape and degree of septation of the conidia of 
Ramularia valltsambrosae vary with the humidity of the atmosphere. 

The genus Verticillium, which includes a number of important wilt 
disease fungi, is distinguished by its slender conidiophores producing 
whorls of branches at the ends of which small, hyaline, one-celled conidia 
develop singly or, more particularly in moist conditions, in small clusters 
(Fig. 4c). 

Typical phialospores are produced by Aspergillus and PenicilUum 
(Fig. 4c, f), large genera of mostly saprophytic habit. These are produced 
in enormous numbers, are light and readily detached, and are largely 
responsible for the almost universal occurrence of these fungi. In some 
of the species of Fenicillium parasitic on bulbs, eg, P corymbiferum 
and P. ctjclopium, the conidiophores tend to be long and intertwined to 
give composite coremia (Fig. 4e). 

Tlio common gray mold, Botrytis cinerea, is almost as universally 
distributed as Aspergillus and Fenicillium, and is responsible for serious 
diseases of a number of unrelated plants, including many cultivated 
species This fungus, too, produces numerous spores [the radulospores 
of Mason (1933)], each of uhich is produced on a small sterigma. The 
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stengmata are formed m clusters Fig 4d), giving the well known 
*T 5 unch of grapes” effect characteristic of Botrytis species 

While the majority of conidia are hyaline and one celled, others are 
more complex Those of Helmmthospormm and Heterosponum, species 
of which cause important diseases of cereals and other plants, are dark 
and consist of a row of cells (Fig 4j) Alternana produces large, dark 
uniform conidia (Fig 4i) which are usually in branched, acropetal 
chains rusicladiwrij species of which are the imperfect stages of Ven 
tuna tnacqualts and V pyrma (causing scab of apple and pear, respec 
lively), forms a mass of subcuticular mycelium, almost stromatic in 
density which bears numerous crowded denticulate comdiophores which 
burst tlirough the cuticle of the host and cut off numbers of dark p^i 
form, one- to two celled conidia m succession As these are formed, the 
conidiophore grows up and produces another, so t at com la ‘ 

be seen on the older comdiophores indicatmg tlie sites where conid 

have been abstncted . , , rmnv 

The large genus Vusanum (F.g 4g) species of 
plant diseases, including destructive wilt diseases -gnf-tg sickle 
^ants (e g . cotton banana), 

shaped macrocomdia of the slime spore yp nr crrouned. 

variable, branched or simple, also pmduce smaller 

in a mass called a spotodochium M P Pusanum are of 

microcomdia under certain conditions Th ^ the air 

the slime spore type but despite this *ey ^ (obacco and other 

Thiehviopsts basicola, a cause „oducmg endocomdia, i e , 

plants, differs from most other P, 

conidia formed inside the phialide ( ig / of form of spores 

These examples give some idea o Hyphomycetes 

and comdiophores among the large gi^ j,^elanconiales and 

b Melancomales and Sphaeropst a mainly consistmg 

Sphaeropsidales are smaller and more un, aggregate m 

of plant pathogens The hyphae ” ^ produce numerous 

dense masses at or near the surface oi conidia are 

short crowded comdiophores ® ® comdiophores and conidia 

produced The expansion due to the 8’'°"' , , pf the host, and the 

leads to the rupture of the cuticle or P pjmde m masses and are 
spores which are usually of the s imy ’ ^bis group are mainly 

splashed away by ram drops eolation of the spores, eg, 

distmguished by the shape color ana fructigcnum caus 

Gloeosponum with cylindrical, one ce ..pg spotting of bananas) 

“tg bitter pit of apples, G musarum '^^Jonuxna causing ring spot 
^iarssontna with two celled conidia ( 
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of lettuce). Festalozzia with dark, septate spores, bearing characteristic 
appendages (Fig. 41, m). The conidia of the Sphaeropsidales are formed 
on short conidiophores lining the inside of definite fruit bodies or 
pycnidia (Fig. 4k). These may be globose, as in Phoma and Phyllosticta, 
or flask shaped with definite necks opening by an ostiole, as in 
Sphaeronema. The majority of them form just below the surface of the 
host and break tlirough when mature. Some are formed in or on 
stromata (e.g., Cytospora). Pycnidial and spore characters are used to 
distinguish the genera. As in the Melanconiales, the spores are usually 
slime spores and in moist weather they emerge through the ruptured 
wall of the pycnidium or the ostiole, when present, and often form a 
long spore “tendril” which is eventually splashed away by rain. 

Among the conidial fungi we thus see many different methods of 
spore formation, all of which achieve the same end, namely the forma- 
tion of large numbers of small dispersal units by which the fungus is 
able to spread. Despite the inevitable wastage of a large proportion of 
these spores, their small size and rapid production make them an 
economical as well as an efficient means of multiplication and spread 
of the fungus. The rapidity of formation and ease of dispersal of conidia 
is of particular value to plant pathogenic fungi, enabling them to take 
advantage of short periods of favorable weather conditions for spore 
production, dispersal, and germination of the spore, and consequent 
establishment of the fungus on or in a new host. 

c. Uredospores of the Rusts. The uredospores of the rusts are func- 
tionally similar to conidia. These are formed in great numbers in small 
sori which break through the epidermis of the host. Uredospores are 
abstricted from the apex of a uredospore mother cell and in most rusts 
are shed immediately, but in the Coleosporiaceae they may occur in 
long chains. They are light, dry, wind-borne spores which are formed 
throughout the growing period in successive generations. Most rusts have 
yellow or reddish uredospores and the spore walls may be fairly thick. 
The uredospores of the cereal rusts, and perhaps others, are able to 
withstand the intense ultraviolet light of the upper atmosphere for long 
periods but do not survive the northern winter. They differ funda- 
mentally from true conidia in being dikaryotic. They are produced only 
on the dikaryotic mycelium, are themselves binucleate, and give rise to 
further dikaryotic hyphae. 

C. Sexual Reproduction 

^Vllile the asexual spores of most fungi are mainly units of multiplica- 
tion and dispersal, many, but not all, sexually produced spores have a 
different function, namely that of survival during a period of conditions 
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unfavorable to vegetative growth Sexual spores are resting spores or 
sedentary spores (Gregory, 1952) They are found in most lower fungi 
and m a few groups of higher fungi, such as the rusts and smuts The 
basidiospores of the higher Basidiomycetes and the ascospores of many 
Ascomycetes are themselves propagules but are commonly protected 
inside a more or less thick walled fruit body until maturity and are 
seldom shed except under conditions favoring both dispersal and 
germination 


1 Sexitalltj Produced Sedentary Spores of the Phycomycetes 

In the lower fungi, sexual fusion normally takes place at some stage 
in the life cycle, often as a result of the onset of conditions less favorable 
to mycelial growth and asexual spore formation Fusion o sexua organs 
or gametes is usually followed immediately by fusion of nuclei from 
these and the development of a characteristic spore or spores e 
often contain glycogen and oily materials as reserve oo ® 
relatively thick outer wall impermeable to water and ga „j^until 
usually incapable of germination until they are fu y m 
the wall .s rLdered penneable to water and gases e g the oo^o^^f 
Phytophthora cactorum (Bhckv/eW 1943) ® 'T,. of 

or freezing and thawing may crack the wall and 

a restmg or sedentary spore have a similar effect, 

substances, or passage through an animals g y 
or the dormancy may end with ° of the Phycomycetes 

Among the more primitive cq-f- kotile 
such as the chytrids, sexual tL life history of 

isogametes Such an isogamous fusi 

Synchytnum endobioUcum the cause resulting zygote may 

fusion of two such free swimming i (hen withdraws its cilia 

come to rest on the surface of a potato single thick walled spore 

and penetrates into the tissue where '”0™^ infected tuber and 

This spore is set free into the soil by t e ^ jq years before 

It may remain there, dormant but via e ° thought to be pro 

germinating to form a zoosporangium ^ , -^je m the soil Many of 
longed by the presence of excess car on spores in a similar 

the chytrids parasitic on green algae ° ^ (Cantor, 1949), but 

manner, eg, many of the aquatic Syn r , Dangeardia mam 

ethers show a tendency to lieterogamy, .] similar gametes has e 

mdtea (Canter, 1946), where •'™ “P/,he wlonial alga Eudorma 
“me to rest on the surface of the Host 1 ^ jpore is 

fegans) the contents of one pass into the 

formed 



140 


LILIAN E. HAWKER 


The fusion of isogametes of Plasmodiophora brassicae (causing club- 
root of crucifers) in the root hair of the host is followed by the produc- 
tion of a small plasmodium. Resting spores are not formed until a later 
stage in the life history. Their formation is thought to be preceded by 
reduction divisions of the nuclei of the large plasmodia in the cortical 
cells of the host root. 

In the saprophytic group of the Blaslocladiales, sexual reproduction 
varies from the fusion of equal sized gametes to that of unequal sized 
ones of which the male contains orange carotenoid pigments. 

The small aquatic group of the Monoblepharidales, containing the 
single genus Monoblepharis, is unique among fungi, since a passive 
female cell, or oosphere, contained in a more or less globose oogonium 
is fertilized by motile sperms released from an antheridium, the shape 
of which varies with the species. A zygote or oospore is then formed 
In the large and mainly pathogenic group of the Oomycetes, a club- 
shaped antheridium applies itself to the spherical oogonium (Fig. 5a, b) 
and inserts a fine fertilization tube through which a nucleus passes to 
fuse with that of a female cell or oosphere. Tlie fertilized oosphere 
secretes a wall, which in the more advanced genera is thick walled and 
highly resistant to drought and cold. In most species of the aquatic and 
mainly saprophytic Saprolegniales, or water molds, which are usually 
considered to be the most primitive group of the Oomycetes, each 
oogonium contains more than one oosphere and attracts to it a similar 
number of antheridia. The resulting oospores are relatively thinner 
walled than those of the higher Oomycetes, the pathogenic Peronos- 
porales, where each oogonium contains only one oosphere. In the 
young oogonium of these more advanced forms, the cytoplasm is clearly 
differentiated into a central ooplasm, from which the oosphere develops, 
and a peripheral layer, the periplasm, which is used up during the 
maturation of the fertilized oosphere or oospore. Both ooplasm and peri- 
plasm are originally multinucleate but in most species all the nuclei 
of the ooplasm abort, except one which fuses with one of the antheridial 
nuclei. Blackwell (1943) showed that the young oospore of Phytophthora 
cactoritm is unable to germinate until after an internal “ripe nin g” process 
is completed and that germinating capacity is then limited by the low 
permeability of the thick wall. Sexual reproduction of the obligate para- 
sites of the downy mildews takes place within the intercellular species 
of the host plants (Fig. 5c) and the oospore is set free only on the 
death and decay of the host. Oospores germinate by producing zoospores 
in the more primitive members and by a germ tube in the advanced ones. 

Raper (1952, 1954, 1957) demonstrated conclusively that the various 
stages in sexual reproduction of the water molds, AchJya biscxualis and 
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A. ambisexualis, are controlled by a series of unidentified specific hor- 
mones produced in turn by the female and male tlialli. No such evidence 
has been obtained for hormonal control of sexual reproduction in the 
pathogenic forms but it probably exists in all of them. 

In most of the Oomyceles, sexual reproduction takes place only after 
a considerable period of solely asexual spore production and probably 
as a result of a deterioration in the environment, such as a fall in food 
supply, the onset of low temperature, or of drought. Tlic thick wall and 
dense cytoplasm of the oospore allows it to resist adverse factors which 
would be fatal both to the vegetative mycelium and to the delicate 
zoospores or even to the rather less vulnerable conidia of Bremia or 
Peronospora. Oospores are not dispersed actively but are set free in the 
place where they were formed, by the decay of host tissue or of the 
parent mycelium, and eventually germinate in situ. Tlie oospore is thus 
a typical resting or sedentary spore whose main function is survival. 

The remaining group of the Phycomycetes, the Zygomycetes, also 
produces a characteristic resting spore, the zygospore. In Mucor, RhizO’ 
pus, and a number of other genera, the zygospore is formed by the 
conjugation of similar sexual branches or gametangia. The two con- 
jugating branches or progametangia approach one another, swell up, 
and finally the tips come into contact (Fig. 5d). The tips of these 
progametangia, the gametangia, then are cut off by cross walls from 
the supporting cells or suspensors (Fig. 5e,f). Tlie walls between the 
gametangia break down and the contents of the two conjugating cells 
fuse (Fig. 5g, h). It is thought diat all but one nucleus from each 
gametangium abort and that the remaining two fuse. The fused game- 
tangia round off and become surrounded by a thick, darkly pigmented, 
and often warty wall to form the zygospore (Fig. 5i). In some other 
genera of this family the gametangia are of unequal size, or the contents 
of one may pass into the other. In Mortierella and Endogone the zygo- 
spores become surrounded by sterile hyphae to form small fruit bodies 
containing one or many zygospores, respectively. Many of this family 
show heterothallism, that is zygospores are not found on colonies devel- 
oping from single sporangiospores but are formed only when two 
colonies of complementary strain, termed “plus” and “minus,” are present. 
Hyphae from these colonies approach one another and conjugate in 
pairs of opposite strain. Homothallic species, in which conjugation takes 
place behveen hyphae of the same strain, are also common. The 
phenomenon of heterothallism was first discovered in this group by 
Blakcslce (1904) but has since been found to occur in most groups 
of fungi. 
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2. Sexual Reproduction in the Higher Fungi 

The higher fungi seldom show such a clearly defined sexual phase 
as do the lower fungi. Even where definite sex organs are formed, except 
in a few relatively primitive groups of Ascomycetes, nuclear fusion and 
spore formation do not follow immediately after the fusion of sexual 
branches but are delayed until after a period of secondary vegetative 
growth, which may be particularly prolonged in the Basidiomycetes. The 
majority of species of botli Ascomycetes and Basidiomycetes, however, 
produce no vestige of sex organs and the association of nuclei which 
precedes nuclear fusion is brought about by other means. 

a. Sex Organs of Ascomycetes. In the simplest group of the Asco- 
mycetes, the Endomycetales, sexual reproduction is preva ent an is 
typically of a simple type somewhat similar to that of certain Zygo- 
mycetes. Conjugation bet^veen adjacent cells of a hypha, as m Erem^cus 
spp. and sorne species of Endomyces. or between nvo sprout calk of 
certain yeasts, such as Schkosaccharomyces ^ 

to the formation of an eight-spored or four-spore show- 

of Endomyces the “"i^Sating procf““ ° 

a form of heterogamy, while in other p formaMon of asci 

genera there is a strong tendency to the formation of asci 

Among the yeasts there is a further tendency f“--,*vcdZ often con- 

to be delayed so that a secondary hinucleate sprout my eto 

listing of “giant” cells, intervenes 

[7 the higher Ascomycete. or 

bulk of the group, the association o » fnllowed by a period of 

the fusion of sex organs or by other M may 

secondary vegetative growth. The large numbers of 

show considerable branching and u sterile hyphae which form 

^sci. They are usually rapidly enve ope resulting fruit body 

^ protective layer around the deve surrounding a group of 

or ascocarp may be merely a weft ot n^^^^ spherical 

®sci, as in Gymnoascus, or may be a ^ igj the flask-shaped peri- 
o^eistocarp of the Eurotiales and Erys p » even 

thecium of the Pyrenomycetes or the groups include 

^ore complex forms of the Discomycetes ^ 

some members in which or more elongated ce 

antheridium is a single ovoid, dub shapea. 
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borne on one or more stalk cells. The female branch, or archicarp, is 
usually more complex and in its typical form consists of a female cell 
or ascogonium borne on one or more stalk cells and bearing a receptive 
cell(s), the tricbogyne, at the apex. The whole archicarp may consist 
of a row of as many as ten or twelve cells, but is usually much simpler. 
The trichogyne, when present, applies itself to the antheridium, as in 
Vyronema confluens (Fig. 5j) and the wall between them breaks down. 
The contents of the antheridium pass into the trichogyne and finally 
enter the ascogonium via a pore in the dividing wall. In the absence of 
a trichogyne, direct contact takes place between the antheridium and the 
ascogonium and the contents of the former pass into the latter (as in 
certain powdery mildews (Fig. 6r). True sexual fertilization of this type 
takes place in only a minority of species. In some species, as in certain 
strains of EuroHum herbariorum, the antheridium may form but aborts 
before fusion takes place. In a number of species from several widely 
separated groups, no antheridium is produced (e.g., Ascobolus ster- 
corarius, Humaria granulata) although the ascogonium is apparently 
normal. Some such species possess a trichogyne and this may fuse with 
an asexual spore or oidium. In A stercorarius, Bistis (1956, 1957) has 
shown that the trichogyne is attracted toward an oidium of suitable 
mating type by a chemical stimulus. The ardiicarp of Humaria granulata 
does not produce a trichogyne and the ascogonium is terminal. In the 
majority of species of the Euascomycetes neither antheridium nor 
archicarp is formed. 

In a number of species, the microconidia function as male cells. The 
work of Drayton (1932, 1934) showed that apothecia were produced by 
Scicrof inia gladioli, the cause of dry rot of gladiolus corms ( then known 
as Sclerotium gladioli and thought to be a member of the Mycelia- 
Sterilia) if microconidia of one strain were placed on sclerotium-hke 
receptive bodies of another. Apothecia of Sclerotinia type were obtained 
by similar techniques for Botrytis convoluta (Drayton, 1937), B. poly- 
Mflstis (Gregory, 1938a), B. cincrea (Groves and Drayton, 1939), B. 
narcissicola, and B. sphaerosperma (Gregory, 1938a, 1941). Genetic 
studies proved that with Sclerotinia gladioli the process of “spermatiza- 
tion” by the addition of microconidia leads to a true fertilization (Dray- 
ton, 1934). 

Some members of both the Pyrenomycetes (e.g., Gnomonia erythro- 
stroma, causing cherry leaf scorch; Vohjstigma rubra, causing a leaf spot 
of wild plum) and the Discomycctes (e.g, Rhytisma accrinum, causing 
tar spot of sycamore; Lophodermium pinastri, causing leaf fall of pine) 
produce pycnidia containing small spores which germinate feebly or 
not at all. It has been suggested that these spores, like the pycnidio- 
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spores of the rusts, may function as male cells or may once have done so 
Whether such spores are primarily male cells or whether they acquired 
the function of male cells after the loss of the antheridium is a matter 
of speculation. Attempts to demonstrate the presence of a trichogyne in 
the fruit body initials of these species have not been wholly convincing. 
The presence of an ascogonium bearing a trichogyne and of pycnidio- 
spores in certain ascolichens (e.g., Collema spp.) suggests that the 
species under consideration may once have had a similar type o 


fertilization. , . . . . 

Whether sex organs are produced or not, the formation of the 
ascogenous hyphae is preceded by the association o two nuc ei o 
compatible type. In the absence of sex organs or of ‘ spermatization by 
microconidia, these nuclei are derived from vegetative ce s. u er 
(1941) and many later investigators have shown that ^^^^enous 
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nuclei in a cell form a d.karyon and divide f ^us 
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borne on one or more stalk cells. Tbe female branch, or archicarp, is 
usually more complex and in its typical form consists of a female cell 
or ascogonium borne on one or more stalk cells and bearing a receptive 
ceU(s), the trichogyne, at the apex. The whole archicarp may consist 
of a row of as many as ten or twelve cells, but is usually much simpler. 
The trichogyne, when present, applies itself to the antheridium, as in 
?ijronema confluens (Fig. 5j) and the wall between them breaks down. 
The contents of the antheridium pass into the trichogyne and finally 
enter the ascogonium via a pore in the dividing wall In the absence of 
a trichogyne, direct contact takes place between the antheridium and the 
ascogonium and the contents of the former pass into the latter (as in 
certain powdery mildews (Fig. 6r). True sexual fertilization of this type 
takes place in only a minority of species. In some species, as in certain 
strains of Eurotium herbariorum, the antheridium may form but aborts 
before fusion takes place. In a number of species from several widely 
separated groups, no antheridium is produced (e.g, Ascoholus ster- 
corarius, Humaria granulata) although the ascogonium is apparently 
normal. Some such species possess a trichogyne and this may fuse with 
an asexual spore or oidium. In A. stercorarius, Bistis (1956, 1957) has 
sho\vn that the trichogyne is attracted toward an oidium of suitable 
mating type by a chemical stimulus. The archicarp of Humaria granulata 
does not produce a trichogyne and the ascogonium is terminal. In the 
majority of species of the Euascomyceles neither antheridium nor 
archicarp is formed. 

In a number of species, the microconidia function as male cells. The 
work of Drayton (1932, 1934) showed that apothecia were produced by 
Scicrotmia gladioli, the cause of dry rot of gladiolus corms (then kno\vn 
as Sc/crofium gladioli and thought to be a member of the Mycelia- 
Stcrilia) if microconidia of one strain were placed on sclerotium-Iike 
receptive bodies of another. Apothecia of Sclerotinia type were obtained 
by similar techniques for Botrtjtis convoluta (Drayton, 1937), B. pohj- 
hlastis (Gregory, 1938a), B. cinerca (Groves and Drayton, 1939), B. 
narclssicola, and B. sphaerosperma (Gregory, 1938a, 1941). Genetic 
studies proved that with Sclerotinia gladioli the process of “spermatiza- 
tion" by the addition of microconidia loads to a true fertilization (Dray- 
ton. 1931). 

Some members of both the Pyrcnomycctes (eg., Gnomonia crtjthro- 
stroma, causing cherry leaf scorch; PoUjstigma rtthra, causing a leaf spot 
of wild plum) and the Discomycetes (e.g., Rhjlisma accrintim, causing 
t.ir spot of sycamore; Lophodermium plnastri, causing leaf fall of pine) 
produce pycnidia containing small spores which germinate feebly or 
not at all. It has been suggested that these spores, hkc the pycnidio* 
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spores of the rusts, may function as male cells or may once have done so. 
Whether such spores are primarily male cells or whether they acquired 
the function of male cells after the loss of the antheridium is a matter 
of speculation. Attempts to demonstrate the presence of a tricho^e m 
the fruit body initials of these species have not been wholly convmcing. 
The presence of an ascogonium bearing a trichogyne an o ^ 

spores in certain ascolichens (e.g., Collema spp.) sugges s a ^ 
species under consideration may once have ha a sum ar type o 
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Ijc 0 Ascj, ascosporcs and ascocarps (a-j) Ascosporcs (a, b) SordaHa 
fimlcnla, (b) sbowmR gelatinous sbeath (c) filimcntous spore of Claciccps pur- 
punum (d) nhtjiLtma accrinum (e) Crogfojsum sp (f) Tuber acstlutm, hrge 
spore \\ith rclicuhlc sculpturing (g) NcctrUi gaihgena (Ii) ^fclanospora zamiac 
(1) Sfftmafta robcriJuntim (j) Cenea hlspUhda. hjaline warty spore (k-r) Asd 
(k) / rrmateiij fertitls, stages m formation of nsci (1) ^^clanospo^a zamiac (Im- 
niiturt) (m) Tedea aurantla cylindrical asciis with eight tiniscriatc, rcticulatel) 
sctilpturtal spores (n) Claticeps purpurcum, narrow nscus containing bundle of tight 
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The ascospores may be irregularly arranged in the ascus as in the 
Hemiascomycetes, Eurotiales, and Erysiphales and many Pyrenomycetesj 
or may be arranged in a single line in a cylindrical ascus, as in some 
Pyrenomycetes and most Discomycetes or, as in the filiform asci of 
Claviceps purpurea and other members of the subgroup Clavicipitales 
of tlie Pyrenomycetes, may be long and needle shaped and arranged in 
a bundle parallel to one another. They are most often one-celled and 
hyaline, but may be septate and even many-celJed, pigmented, and with 
variously sculptured walls, or bearing gelatinous or filamentous append- 
ages (Fig. 6, a-j). 

Many plant pathogens reinfect their hosts in the spring solely by 
tlie production of clouds of ascospores, e.g., Rhytisma acerinum, causing 
tar spot of sycamore, and Lophodermium pinastri, which causes prema- 
ture leaf fall of pine. The ascospores are usually formed in protective 
fruit bodies and thus are frequently not themselves resistant bodies. In 
some species, however, the ascospores are more or less resistant to 
adverse external conditions and may then act both as resting spores and 
dispersal units, as with some species of coprophilous Ascomycetes. 

c. The Formation of Fruit Bodies among Ascomycetes. The asci of 
the Hemiascomycetes are formed smgly, as in Endomycetales, or m a 
sheet or hymenium over the surface of the host plant, as m Taphrinales, 
and are not protected hy any special aggregation of sterile hyphae. 
Those of the Euascomycetes are formed in groups or m hymenia and are 
more or less protected by sterile hyphae, the whole complex of sterile 
hyphae, ascogenous hyphae, and asci being termed a fruit body, or 
more precisely, an ascocarp. There is a wide variety of shape and com- 
plexity to be seen in the fruit bodies of the Ascomycetes, but the initial 
stages of development are surprisingly similar. 

As already described (p. 143), ascogenous hyphae grow out rapidly 
from the fertilized ascogonium or from a binucleate mycelial cell and 
eventually produce asa. The ascogenous mass may be limited to a 
single short hypha producing only a single ascus, as in Sphaerotfieca, 
and Podosphaera among the powdery mildews, or may develop into a 

filiform spores (o) BJiyftsma acerinum, also wth spores arranged m a bundle. 

(p) Taphnna deformans, containing numerous spores derived from ascospores by 
budding (q) Elaphomyces granulatus, six-spored ascus (r-v) Fruit bodies or 
ascocarps (r) LS spherical cleistocarp of Ertjsiphe polygon!, showing pendium 
(P) of thick wailed cells, inner tapetil layer (T>, and asci (A) with developing 
ascospores, (s) LS flask-shaped penthecmm of Sordarw fimicola, showing neck or 
beak (N) bent toward light, ostiole (O), and parallel asci (A), (t) Fertile stromata 
of Claviceps purpureum developing from scferotium (u) Cup-shaped apothecia of 
Peziza aurantta (v) Sclerotinia sclerotiorum, sclerotia bearing st.alked apolhecia 
Magnifications a-q, X 600, r, X 400, s, X 120, t-v, X % 
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large much branched complex of hyphae producing numerous asci as in 
the Pezizales and Tuberalcs. In the more advanced species, asci are 
produced by a curious “crozier formation” from the penultimate cells 
of the ascogenous hyphae (Fig. 6r). In others, croziers are not seen. 

At the same time as tlie ascogenous hyphae begin to develop, sterile 
hyphae grow up from the parent mycelium and envelop the ascogenous 
complex. These sterile hyphae may be limited to a thin weft surrounding 
the ascogenous hyphae and asci, as in Gymnoasctts and other simpler 
members of the Eurotiales; they may be differentiated into a nutritive 
layer, or tapetum, which is used up in the development of the asci, and 
a definite closely interwoven outer wall or peridium, as in Eurotium 
itself, or the peridium may consist of several layers, as in tlie higher 
Pyrenomycetes and some Discomycetes (Fig 6, s-v). The cells of the 
peridial layer often become rounded, thick walled, and dark colored, 
and are usually pressed together so tightly that it is impossible to discern 
their hyphal origin. 

Fruit bodies of the Ascomycetes show a wide range of form and 
structure, as shown in Fig. 6, r-v). Those of similar form may not always 
have developed in a similar manner [as with the Pyrenomycetes where 
modem research is showing that forms hitherto thought to be related 
differ fundamentally in the development of their fruit bodies (Luttrell, 
1951; Munk, 1954, 1957)]. Tlie simplest ascocarps are the spherical 
cleistocarps of the Eurotiales and Erysiphales. In those of the former 
group, the globose asci arc arranged irregularly and break down early, 
releasing the ascospores into the cavity of the cleistocarp from which 
they are eventually set free by the decay or fracturing of the peridium. 
The cleistocarps of tlie Erysiphales show an advance in having, in most 
species, a more highly developed peridium, often bearmg cliaracteristic 
appendages, in the arrangement of the asci (in species having more than 
one) in a parallel layer or h>'nienium and, in many species (c.g., 
Vodosphnera Icucotricha, the apple mildew), in the possession of a 
definite spore discharge mechanism. TIic Pyrenomycete fruit body or 
peritliccium shows a wide variation of the basic flask-shaped type. The 
neck may be vesligeal or absent, as in Chactomiiim, short as in Nectria 
or SorJarirt, or long and slender as in CeratostomcJla, Ophiostomo, or 
Venfurin. The pcritliecia may be scattered over the surface of the my- 
celium (c.g., Sorr/nrifl, Ncurospora)^ embedded in host tissue (c.g., 
roJf/sfigijjrt, Vcnfi/ria), on or partially embedded in a stroma (c.g.. 
iVcc/nVi), whicli may itself be embedded in host tissue (c.g., Pliyl- 
lachorn), or they may be completely embedded in a stroma (c.g., C/fluf- 
ceps, Xylaria). In the MjTlangialcs and Pscudophacrialcs, many of 
which were previously classincd willi the Pyrenomycetes, the asci arc 
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formed singly or in groups within locules or cavities in a stroma. Among 
Discomycetcs, the extensive hymem'um may be enclosed within the host 
tissue opening only to release the ascospores at maturity, (e.g., members 
of the Phacidiales such as Rfiytisma acerinum and Lophodermium 
pinastri), or, more commonly, it extends over the surface of variously 
shaped fleshy or leathery fruit bodies. Tliese may be the typical sessile 
cup-shaped apotliecium (e.g., Pcziza)^ a similar stalked structure (e.g., 
Seferotinia), a club-shaped fruit body (e.g., Geoglossum), a stalked 
fruit body with a variously shaped fertile head (e.g., Belvella, Uor- 
chclla), or a much infolded and complex subterranean structure (e.g., 
the truflle, Tuher). 

Very few studies have been made of the pattern of growth in these 
complex ascocarps. The perithecia of the Pyrenomycetes are particularly 
difficult to observe owing to the rapid envelopment of the soft central 
parts or centrum by tlie tough or hard and brittle peridium. Progress 
has been made recently, toward an understanding of the various ways 
by which the centrum develops and the asci become arranged in it 
(Munk, 1954). Comer (1929a,b) studied the development of the com- 
paratively simple cup-shaped apolhecia of species of Pezizales and 
showed that marginal groups or fascicles of hyphae between the hy- 
menium and the ground tissue or cortex of the fruit body grow out to 
extend the margin, so that the "cup” of the apothecium expands by 
marginal growth. In stipitate species, the stalk grows upward and its 
final length is determined by a phase of cell enlargement without further 
cell division. 

The protection of the ascospores by the peridium of the fruit body 
has an obvious biological advantage. This, however, is accompanied by 
the disadvantage that dispersal of the spores is made more difficult. In 
the Eurotiales, ascospores are set free only by the decay or fracture of 
the peridium, but in the higher Ascomycetes, as will be shown in Volume 
ni, Chapter 5, many complex mechanisms of dehiscence of the fruit 
body and discharge of the ascospores have been evolved. 

d. Sexuality in the Basidiomycetes. We have seen (p. 143) that only 
a comparatively few species of the Ascomycetes produce functional sex 
organs, that in others one or both may no longer function, and that in 
the vast majority of species no sexual organs are formed at all. In the 
Basidiomycetes no trace of sex organs is to be found in any group except 
the Uredinales. In all other groups the association of pairs of nuclei of 
opposite mating type occurs as a result of the anastomosis of vegetative 
cells. Fusion of these nuclei is delayed until the formation of the basfdxa. 

It has been known for a long time that the life cycle of the rusts 
includes both a uninucleate and a binucleate phase. The ^vork of Black- 
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man (1904) and Christman (1905) demonstrated that the binucleate 
condition originates by the migration of nuclei into the aecidiospore 
mother cells at the base of the aecidial initials. The aecidiospores are thus 
binucleate and this dikaryotic phase continues until nuclear fusion takes 
place in the young teleutospore. Blackman and others pointed out the 
resemblance of the pycnidiospores to spermatia in their small size, 
relatively large nucleus, poor germinating ability, their formation at 
the same time as the aecidial initials, and the production of sticky 
“nectar” by the pycnidia. A search for traces of a female receptive organ 
or trichogyne in the aecidial initials was unsuccessful. It was not until 
the brilliant and now classic work of Craigie (1931) that the function of 
the pycnidiospores was elucidated. Craigie and his co-workers have 
shown conclusively that most rusts are heterothallic and that the dip- 
loidization takes place by a number of methods. Where two mycelia 
of compatible strains of the same species meet and intermingle within 
the tissues of the host, the hyphae of these readily anastomose and 
interchange of nuclei follows. Diploidization can also be brought about 
by the fusion of a pycnidiospore, or spermatium, with a hypha of op- 
posite strain projecting above the surface of the host. Migration and 
multiplication of the spermatial nucleus eventually leads to the dip- 
loidization of the aecidiospore mother cells, which was demonstrated 
by Blackman in 1904. Opinions differ as to whether the pycnidiospores 
are genuine spermatia or whether they are conidia which have assumed 
the function of the male cells. One might expect that if they had origi- 
nated as male cells some trace of a corresponding female organ, probably 
possessing a trichogyne, would be found. They are, however, very similar 
to the pycnidia of certain lichens, e.g., Collema in which such female 
organs are still found. 

No other group of Basidiomycetes has any trace of sex organs. In the 
Ustilaginales or smuts, a group which in many ways resembles the 
Uredinales, diploidization takes place either by the conjugation of the 
sporidia (basidiospores) or of yeast-like “conidia” developing from these, 
or by the anastomosis of vegetative cells at some other stage in the life 
history. 

A number of species of the Eubasidiomycetes (Hymenomycetes and 
Gasleromycetes) are kno^vn to be heterothallic and a few have been 
shouTi to be Immothallic. In the heterothallic species studied, the 
basidiosporc on germination gives rise to a haploid, uninucleate, primar>’ 
mycelium or this primary’ mycelium may at first consist of multinucleatc 
cells. When such a monospore mycelium meets another of compatible 
mating t> pc, anastomoses take place freely between the hyphae, followed 
by migration of nuclei leading to the development of a dikaryotic, 
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secondary mycelium This secondary mycelium may differ slightly from 
the primary one in vigor, mode, and amount of branching and in the 
presence of clamp connections In some species, e g , Copnnus lagopus 
(Brodie, 1931), it has been shown that a hypha of one strain may con 
jugate with an oidium of the complementary strain and a secondary 
mycelium may result In homothalhc species the dikaryotic condition 
arises autonomously by pairing of nuclei within the primary mycelium 
or, m some species, eg, Corficmm tenestre (Kheip, 1913), Coniophora 
cerebella (Kemper, 1937), and some Gasteromycefes, the dikaryotic 
state may arise m the hasidiospore by division of the single haploid 
nucleus so tliat no primary mycelium is formed Fruit bodies arise only 
on the secondary or dikaryotic mycelia Fusion of the paired nuclei takes 
place in the young basidium and is followed immediately by a reduction 
division 

Thus the Basidiomycetes show a more prolonged dikaryotic phase 
than that m the higher Ascomycetes The morphological difference 
between the haploid and dikaryotic hyphae of the Basidiomycetes is less 
marked than that between the haploid vegetative mycelium and the 
ascogenous hyphae m the Ascomycetes The results of the prolonged 
dikaryotic phase m the Basidiomycetes are Biat (a) the whole fruit 
body IS made up of dikaryotic hyphae, whereas that of the Ascomycetes 
is a composite structure m which the dikaryotic ascogenous hyphae are 
enclosed m a pendium composed of haploid hyphae and mterspersed 
With haploid paraphyses, and (b) that a single nuclear pairing may 
give rise to a mycelium on which not one but many fruit bodies may be 
formed over a number of years, so that the number of spores resulting 
from a single cellular union may be enormous It has also been suggested 
(Gaumann, 1952) that, by analogy with higher plants, the great morpho 
logical development and diversity of the higher Basidiomycetes may be 
the result of the increased importance of the dikaryotic phase in this 
group 

e Formation of Basidiospores The young basidium resembles the 
young ascus in being binucleate The two nuclei fuse to give a single 
diploid nucleus which divides by a reduction division followed by a 
second division to give four haploid nuclei 

In the Eubasidiomycetes, the basidium is a single club shaped or 
cylindrical cell From the apex four, or less commonly tno pointed 
sterigmata grow up and the ends of these become inflated to form the 
hasidiospore The haploid nuclei wriggle through the sterigmata in 
succession, one nucleus passing into each spore The basidiospores of the 
Hymenomycetes are arranged asymmetrically on the sterigmata (Fig 7 
o-d) and this, as will be described m Volume III, Chapter 5, is as 
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sociated with the characteristic drop mechanism of spore discharge seen 
m this group In the Gasteromycetes, spore discharge of this type does 
not take place and the spores are arranged symmetrically on the sterig 
mata A few species of this group, e g , Tulostoma smulans, have sterig 
mata arising laterally mstead of apically on the basidium Others, e g , 
Khizopogon, produce an indefinite number of spores on each basidium 



Pir 7 Dasidii and fruit bodies of Basidiomycctcs (n) Piicctnia gramltus, 
RcnninalinR tclcutosporc producing promycelia (basidn) and sporidia (basidio 
sports) (b) TiUctla caries, germinating brandsporc producing short promycclitim 
(bjsiduitn) and indcrmitt number of apical crescent shaped spondia (basidio 
spores) (o-tl) Stages m doelopment of holobisidium of Copnmis sp Mngnifica 
tion n-tl X 500 (f) I nut bodies of Armillaria mcUca (g) fruit body of Claiaria 
citicTca ( li ) T S fruit bod> of Fontes annosus sho\s mg la> ers of pores 

Most members of the II)'monom}cctcs In\c li> aline spores ^^ltb 
smooth walls Init others arc pigmented and the walls, as m Laclanu^ 
and arc Mrionsl) sculptured Hullcr (1922) Ins shown tint the 

time ncccssarA for imluration of pigmented or sculptured spores is much 
grcitcr linn lint with colorless smooth spores Most species of Gastcro 
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mycetes produce colored spores which often show complex sculpturing 
of the wall 

Tlie basidia and basidiospores of the rusts and smuts develop on 
germination of the feleutospores and smut spores, respectively. Nuclear 
fusion takes place in these spores before germination, and reduction 
division follows with the emergence of the basidium or promycelium 
from the germinating spore. Tlie promycelium of the rusts is typically 
a short hypha of four cells, from each of which a sterigma develops and 
bears a sporidium or basidiospore (Fig. 7a) which is finally discharged 
by the drop mechanism as in the Hymenomycetes. In the smuts the 
situation is more variable. The promyceh'um may resemble that of the 
rusts and be septate and four-celled, as is usual in Ustilago, or it may 
be variably septate or aseptate, as in TiUetia. In Ustilago, sporidia may 
form in a manner similar to that already described for the rusts (but are 
not discharged by the drop mechanism) or the cells of the promycelium 
may give rise directly to a mycelium either with or without preliminary 
conjugation of the promycelial cells. In TiUetia and related genera, the 
sporidia are elongated and often sickle shaped and are formed in a group 
at the apex of the promycelium (Fig. 7b). Normally they fuse in pairs 
and give rise to conidia which are discharged by a drop mechanism 
similar to that of the basidiospore of the Hymenomycetes. The conidia 
of the smuts may undergo a yeast-like budding before the mycelium 
becomes established. 

The small groups of the Auriculariales, Tremellales, and Dacryo- 
mycetales produce their basidia in a hymenium over the surface of 
variously shaped fruit bodies, as in the Eubasidiomycetes, but the 
basidia are transversely septate, longitudinally septate, and bifurcated, 
respectively. 

The basidiospore, in all groups except some of the hypogeous Gastero- 
mycetes, is a dispersal spore of a highly efficient type. Basidia and 
basidiospores are protected during development to a varying degree by 
the sterile parts of the fruit body in the higher Basidiomycetes. In the 
rusts and smuts germination of the teleutospores or smut spores usually 
takes place only under conditions favorable to the development of 
promycelia and sporidia so that the same end is achieved by different 
means and the basidiospores are launched under the most favorable 
conditions. 

f. The Formation of Fruit Bodies among Basidiomycetes. The ma- 
jority of species of the Eubasidiomycetes, together with the members of 
the Auriculariales. Tremellales, and Dacryomycetales produce their 
basidia in or on complex and often large fruit bodies (Fig. /f-h). The 
range of fruit body form is much greater than in the Ascomyceles and 
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some, such as the giant puff balls and the brackets of species of Gano- 
derma, reach a diameter of one or more feet and each produces millions 
of spores. 

The form of the fruit bodies ranges from the simple cushion-like or 
irregularly lobed structures of Dacrtjomyces and Tremella or the flat or 
wrinkled encrustations of species of Veniophora and Auricularia mesen- 
terica to the simple resupinate or bracket forms of Stereum, the more 
complex brackets of many polypores, the clubs of the Clavariaceae, the 
well-known pileate fruit bodies of the agarics, and the diverse and 
complex fruit bodies of the Gasteromycetes (falsetruffles, puff balls, earth 
stars, bird’s nest fungi, stinkhoms, etc.). In many of these the area of the 
hymenium is increased by being spread over folds, spiny or fiat laminate 
outgrowths, or the inside of tubular pores. Very large numbers of basidia 
and basidiospores are thus produced on a single fruit body, and as 
already pointed out, a single mycelium may produce numerous fruit 
bodies in successive crops over periods of many years; the age of large 
"fairy rings” has been calculated to be more than 100 years. The woody 
perennial fruit bodies of Forties and Ganoderma produce a new layer of 
pores, within which the hymenium develops each year. It has been 
calculated (Buffer, 1909) that a single fruit body of Polyportis sqtiamostis 
may produce 11,000,000,000 spores, a giant puff ball 7,000,000,000,000, 
and even a large mushroom as many as 1,800,000,000 spores. When one 
considers the highly efficient spore dispersal mechanisms of these fungi 
(see Volume III, Chapter 5) their wide distribution is explained. Never- 
theless, the wastage of spores is very great, since to maintain the popu- 
lation, less than one spore per fruit body would have to survive and form 
a new mycelium. 

Most of these fruit bodies begin as small, more or less spherical, 
masses of undifferentiated interwoven hyphae. They become differ- 
entiated into their various parts at an early stage without any great 
increase in size. Enlargement of the fruit body then follows, largely as 
a result of the expansion of cells already formed, little further cell 
division taking place, as shown by Bonner et al. (1956) for the common 
mushroom. Tl^c final shape of the fruit body is achieved by differential 
cxp.ansion of the various parts. During this period of expansion of cells 
the dr\' weight of the fruit body continues to increase, show'ing that 
water and dissolved substances must be taken up from the substrate. 
By the method of hyplual analysis Comer (1932n,b, 19-18, 1950, 1953) 
has shown that in the Clavariaceae and PoU'poraceac the fruit bodies 
arc made up of several different 1)7)03 of hyphae, each of which plays 
a part in the mechanics of the structure. Tlie sterile 11)7)1^0 of the large 
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brackets of many species of the Polyporaceae are very varied and become 
strengthened by the deposition of a substance akin to hgnin so that in 
many species of parasites of woody plants the fruit bodies are as hard 
and woody and almost as durable as the trunks of the host plants 
themselves 

g Biological Implications of the Loss of Sexuality among Higher 
Fungi Sexual reproduction among both plants and animals is recognized 
to be a highly efficient means of securmg both increased variation and 
increased vigor A high rate of variation is biologically of first importance 
among all organisms, and perhaps particularly so among pathogens 
where slight alterations in the structure or habits of the host may radi 
cally alter the environment of the pathogens A recent study (Broyles, 
1957) of races of Puccmia gramims has shown that many factors in 
fluence survival of this fungus and that no race combines all the char 
acters known to have survival value The most successful races are 
those possessmg a number of such factors Here hybridization, by which 
new races arise, is obviously a factor of great biological signffioance in 
securmg the success of the pathogen 

The clearly defined sexual phase in the life cycle of most Phyco 
mycetes probably provides the advantages of variation through re 
arrangement of nuclear material and, in addition, frequently offers a 
means of surviving temporarily adverse conditions through the pro 
duction of resting spores In many Ascomycetes, the sexual phase is 
equally clearly marked but, as desenbed in the previous sections, these 
are in the mmority and m most Ascomycetes and nearly all Basidio 
mycetes sexual organs are no longer formed This loss of definite sexual 
organs might well have meant disaster had jt not been for the facility 
With which cells of the same species anastomose and their nuclei migrate 
While m many Ascomycetes the association of male and female nuclei 
in the ascogonium has been replaced by the association of nuclei from 
vegetative cells of the same mycelium, in many others and in many 
Basidiomycetes the phenomenon of heterothallism ensures that these 
pairing nuclei shall be derived from myceha of opposite and compatible 
strains Thus the advantages of a fusion of nuclei derived from different 
sources and the subsequent segregation of characters durmg reduction 
division are retamed even when sex organs are no longer produced 

While the modified form of pairing of nuclei, followed by fusion and 
reduction division seen among the Ascomycetes and Basidiomycetes, has 
apparently all the advantages of n sexual phase, there are many higher 
fungi, the Fungi Imperfecti, m which neither ascospores nor basidio 
spores are produced and in which no trace of a true sexual nuclear fusion 
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is to be seen. Nevertheless it has long been a commonplace that many 
members of the Fungi Imperfect! are highly variable. The studies o 
Brown and his co-workers with Fusarium fructigenum (Brown, 19^, 
1926, 1928; Brown and Horne, 1926) showed the extent of variation m a 
single “imperfect” species and indicated that the phenomenon of sector- 
ing” in plate cultures (where a sector of the colony shows distinct 
differences from the parent strains) must be due to genetic changes at 
the point of origin of the sector or “saltant.” Pontecorvo and Geme 
(1944) further examined the implication of sectoring which is now 
known to be due to genetic changes at the point of origin. Hansen and 
Smith (1932) introduced the concept of heterokaryosis to explain the 
high degree of variation in Botrytis cinerea and other Fungi Imperfecti. 
They showed that anastomosis between mycelia of the same species 
takes place freely and is not limited to strains of particular mating type. 
By such anastomosis and subsequent migration of nuclei from one hypha 
to another the multinucleate vegetative cells of such a fungus as Botrytis 
contain nuclei of different origin. When the conidia are formed, the pro- 
portion of the various nuclei which they contain is a matter of chance. 
With a large spore, such as that of Botrytis which may contain fifteen 
to t^venty nuclei, the range of possible variation in the nuclear content is 
considerable and is reflected in the great degree of variation between 
colonies grown from single conidia. In species, such as Verticillium, in 
which the conidia contain few nuclei, or only one, the degree of variation 
due to heterokaryosis of the parent mycelium is correspondingly lower. 
Pontecorvo et ol. (1952) showed that a recombination of hereditary 
factors takes place in the saprophytic Aspergilhts nidulans by a process 
which they termed “parasexuality.” This involves the actual fusion of 
two haploid nuclei in a heterokaryotic cell and their subsequent multi- 
plication side by side with the remaining haploid nuclei. A diploid 
strain may become established from such material and segregation of 
characters may occur by mitotic crossing over and the occasional vege- 
tative production of haploid nuclei by the diploid strain. It has since 
been shown that the parasexuality occasionally occurs in other fungi, 
Including the pathogenic Fusarium oxysporum (Buxton, 1956). Buxton 
showed conclusively that variation in virulence in this species resulted 
from hetcrokar>’osis and parasexual recombination. The part played by 
such nonscxual mechanisms of rearrangement of nuclear material in 
determining the ability of a fungus to overcome host resistance is ob- 
viously of primary importance. Loss of true sexuality is thus clearly of 
little signific.mcc among fungi, since owing to the ease of anastomosis, 
nuclear migration, and chance fusion of nuclei of different origin, tliey 
may be said to be largely independent of sex. 
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D. The Effect of Environment on Reproduction 
of Plant Pathogenic Fungi 

\Vlicn a patliogen is established inside the host, it is probably not 
greatly influenced, by fluctuation of the environment external to the 
host, with the possible exception of changes in temperature, except 
indirectly through the effect on the chemical and physical state of the 
plant cell or intercellular spaces. After a preliminary vegetative phase, 
during which the host is exploited to a greater or lesser extent, most 
plant parasites enter into a reproductive phase. No doubt this change is 
largely due to changes taldng place within the thallus of the parasite, 
as a result of the accumulation of nutrients absorbed from the host, but 
it is also likely that the condition of the parasitic Iiyphae is influenced by 
the condition of the liost. Many parasitic fungi, representative Phyco- 
mycetes, Ascomycclcs, and Basidiomycetes, produce their sexual stages 
in autumn at the end of the growing season of the host, when it is 
reasonable to suppose that the food supply in the host is depleted. It is 
well knoxvn that a fall in food supply often induces fruiting in fungi in 
culture and it is highly probable that the same effect is seen in the host 
plant in autumn. The seasonal fall in temperature, however, may also 
play a part. The fall in food supply is the more likely explanation of the 
prevalence of sexually produced spores in autumn. This is supported by 
the fact that many patliogenic fungi produce these spores when the 
available food supplj' has been depleted by their own activity, irrespec- 
tive of changes in temperature. 

The distribution of nutrients in the host probably determines the site 
at which sporulation will take place. The formation of smut spores only 
in ovules or young seeds and anthers, by the grain and anther smuts 
respectively, strongly suggests that some food substance, possibly of a 
vitamin nature, is present in ovules or anthers at a favorable concen- 
tration to induce spore formation. 

A reduction in and a change in the nature of the food supply in 
fallen leaves is probably important in inducing the formation of fruit 
bodies, e.g., perithecia of Ventitria, and apothecia of Lophodermium 
and Rhytisma, in these after they are shed. Similarly, fruit bodies of 
many wood-destroying polypores form only when the interior of the tree 
has been almost consumed. 

The production of toxic or antibiotic substances by the host may 
check spore formation. The well-known darnel grass fungus shows so 
many resemblances to the smuts that it is often assumed to be an im- 
perfect smut and it is possible that the feilure to produce spores is a 
result of unsuitable conditions within the host. Similarly tlie orchid 
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endophyte is maintained in a vegetative condition within the root and 
finally undergoes lysis. Burges (1938) showed that lysis could be brought 
about by the sap of the host cell. Gaumann and Jaag (1945) showed that 
tubers of certain orchids produce substances capable of checkmg the 
growth of the endophyte. A similar antibiotic effect of bulbs of Allium 
ursinum on the arbuscular-vesicular endophyte Vyihium ultimum was 
demonstrated by Hawker et al (1957). It is highly probable that such 
antibiotic substances check spore production even more readily than 
vegetative growth of the pathogen. 

Most asexual spores either do not form within the host or mature only 
on exposure at the surface. The sporangiophores of Fhytophtkora in- 
festans and of the other downy mildews grow out through the stomata 
and produce sporangia (or conidia) after emergence. The same is true 
of the conidiophores of many Hyphomycetes. The pycnidia of most 
members of the Sphaeropsidales, the acervuli of the Melanconiales, the 
aecidia and uredosori of the rusts develop within the host and break 
through to the surface when nearly mature. The internal state of the 
mycelium must play an essential part, but weather conditions are also 
important, at least during the final emergence of the spore-bearing 
hyphae. Some asexual spores, such as the sori of “summer sporangia of 
Synchytrlum endobioticum, S. taraxaci, and many chytrids parasitizing 
green algae, develop within the host at a particular physiological stage 
of the parasite, apparently independently of the external environment. 

In the present state of our knowledge, we can only speculate about 
the factors within the host and within the pathogen itself which lead to 
the onset of reproductive phases of various types and the initiation of 
spores. With the emergence of the pathogen at the surface of the host, 
it should be possible to arrive at a more accurate picture of the factors 
influencing the development and maturation of spores and spore-bearing 
structures. The development of spore-bearing structures outside the host 
is obviously influenced by the temperature and humidity of the air, by 
charges in these, and by stillness or movement of the layer of air im- 
mediately above the host surface. Light also plays a part with some 
species. Unfortunately the accurate measurement of conditions in the 
“microclimate” immediately surrounding fungus and host surface is 
extremely difllcult. It has been shown that this microclimate may differ 
considerably from the conditions obtaining in the outer air. Much 
relevant information is scattered throughout the literature of plant 
patholog>' but has not been collected together to form a coherent story. 
A few examples only will be given. 

It is well knowTi that the range of any particular factor permitting 
sporulation is usually less than that for mycelial growth. Tliis is a useful 
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character, since spores are formed only under conditions allowing a mar 
gm of safety for the establishment of a new mycelium after germination 
Air temperature is an important hmitmg factor in the development 
of spores outside the host Within the range permitting production of 
spores by a particular species, temperature influences not only the num 
ber of spores or fruit bodies produced but the type and morphology 
Phyfophthora tnfestans, owing to its economic importance, has received 
much attention and the conditions leading to intense sporulation are so 
well known that a blight forecastmg system, based on weather reports 
IS m operation in a number of countries Night temperature m late July 
and August (under conditions existing in England) is of great im 
portance The sporangiophores develop freely only on warm nights with 
a high relative humidity In England, the oak mildew, Microsphaera 
quercina, produces cleistocarps, only m unusually hot summers (Robert 
son and Macfarlane, 1946), few or no teleutospores are formed by 
Fucctnia anttrrhtm m cold years but large numbers were formed in the 
abnormally hot summers of 1955 and 1959 The size of spores and spore 
bearmg structures may also be mfluenced by temperature, the sporangia 
of Choanephora cucurbUamm increase m size with mcrense m tempera 
ture (Barnett and Lilly 1950), the conidia.oiPeronospora parasitica are oi 
average size 23 X 19 5/j. at 20® C but as much as 27 X at 5° C 
(Thung, 1926), both temperature and humidity influence the length of 
sporangiophores of Pseudoperonospora humult (Arens 1929) 

Humidity of the air is also of particular importance, as m the forma 
tion of sporangiophores of Phyfophthora infestans which has already 
been mentioned Orth (1937) showed that development is checked by 
very brief exposure to as httle as 5% below optimum humidity Many 
other fungal plant pathogens are equally dependent upon a relatively 
high humidity durmg the critical penod of the development of sporangia 
or conidia Ihe downy mildews sporulate only m humid air, the conidia 
and conidiophores of Peronospora destructor {onion mildew) develop 
over the range 90-100^ relative humidity (Yarwood, 1943), those of 
Premia lactucae (lettuce mildew) develop only over the narrower range 
93-100% relative humidity (Ogilvie, 1944), and abnormally pale plants 
of Blackstonia perfohata in the Eeld normally show no other external 
Signs of infection, but become covered with a thick felt of conidiophores 
of Peronospora chJorae when kept under a bell jar in the laboratory 
(Fraymouth, 1956) Many other groups notably the Hyphomycetes, such 
as Botrytis cinerea and Cladosporium fuJvum, which, like the Perono 
sporaceae, provide no protection for their conidiophores, arc equall) 
sensitive to air humidity The powdery mildews, in contrast, sporulate 
best at a slightly lower relative humidity and spore production ma> eicn 
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be checked at 100% saturation. Sphaerothcca huvntU var. fuliginea pro- 
duces abundant conidia at a relative humidity of 93-96%, but the number 
falls off at higher humidities (Hashioka, 1938). Small fluctuations in 
humidity have a much more marked effect than quite large fluctuations 
of temperature within the range permitting sporulation. While prac- 
tically all species producing delicate and exposed spore-producing 
hyphae require a high atmospheric humidity for emergence from the 
host tissue and further development, some require a slight fall in hu- 


midity for the final maturation of the spores. Byrde (1953) demon- 
strated that such a slight fall is necessary for the rounding-off of the 
conidia of Sclerotinia (Monilia) fructigena. In contrast, Cheat and 
Dillon-Weston (1938) showed that an actual film of water is essential 
for the budding-off of the conidia of Venturia (Fusicladium) pyrina. 
It is obvious that beyond stressing the general requirement of a humid 
atmosphere, no generalization can be made and each species must be 


studied individually. 

The effect of humidity on type and form of sporing structures is 
illustrated by the prevalence of sporangia of Choanephora cucurbitarum 
at a relative humidity of 100% at 25® C. and over, and of conidia at lower 
humidities (Barnett and Lilly, 1955), by the increased length and 
septation of conidia of RamuJaria vallisambrosne in relatively dry con- 
ditions (Gregory, 1938b) and in the well-known reduction in length of 
sporangiophores and conidiophores of a variety of fungi when grown 
under conditions of reduced humidity. 

Maximum cell multiplication of bacterial plant parasites and the 
consequent exudation of bacterium-containing liquid is also dependent 
on wet conditions. 


The tendency of spores, fruit bodies, and sclerotia of many fungi 
to form in concentric rings is well known. Experiments by many in- 
dependent investigators have shown that, in artificial culture, this is most 
often due to diurnal alternations of light and darkness. Perhaps the best 
kno^vn example of a plant pathogen showing the dependence of sporula- 
tion on light is Sclerotinia (Monilia) fructigena, but Yarwood (1936, 
1937, 1941) has shown that the daily periodicity of sporulation and spore 
discharge in Erysiphe polygoni, certain downy mildews, and Taphrina 
deformans is also largely a result of alternating light and darkness. Otlier 
less obvious effects of light have been recorded, such as the formation of 
numerous perithecia of Diaporthc phaseolorum (Timmick et ah, 1951) 
in alternating light and dark, the formation of only a few perithecia 
containing numerous ascospores in continuous darkness, and of numerous 
perithecia containing few or no spores in continuous light. The relative 
numbers of macroconidia, microconidia, and chlamydospores, and the 
length and degree of septation of the macroconidia of species of F«- 
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sarium are all influenced by light (Harter, 1939, Snyder and Hansen 
1941, Brown, 1926, Carlile, 1956). 

The effect of light on sporulation of many species is stimulatory but 
in other, often closely related, species the reverse may be true, e g , light 
stimulates conidial formation in Sclerotmia fructtgena but reduces it m 
S fructiola (Hall, 1933), formation of pycmdia of some leaf spotting 
fungi IS mduced by light and of others is repressed (Leonian, 1924) 
Again, as with humidity, no generalization can be made concerning the 
effect of light 

Other factors such as the accumulation of volatile fungicides in still 
air, the presence of other organisms, etc , also play a part in sporulation 
at the surface of the host Sporulation at the surface of subterranean 
parts of plants is particularly influenced by the rest of the soil flora and 
fauna and also by the rate of accumulation and diffusion of gases such 
as carbon dioiade 
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I The Germination Process 

It has become customary, and m the present state of our knowledge 
It IS no doubt necessary, to consider aU types of spore gemmation as 
fundamentally alike One spore forms a germ tube, another releases 
motile swarmspores. a thud puts out a specialized promycelium with 
basidiospores, and a fourtli germmates by cutting off secondary spores 
We will not challenge the heuristic value of lumping all of these phe 
nomena togetlier. but it is necessary to realize that some oversimplifica 
tion IS mvolved The common observation that for 
alternative modes of germination the environment often determines 
which IS to prevail mdicates that there are physiological differences 
between the germination types and that they 
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significant, however important they may be for particular species. To a 
certain degree, these organs bear a functional resemblance to spores; the 
sclerotia of Claviceps purpurea, for example, germinate only if exposed 
Hrst to low temperature (Garay. 1957). and the rhizomorphs of root 
pathogens function, like spores, in the establishment of new infections 

(Garrett, 1956). _ i. c i 

Most studies on spore germination employ as criterion the hnal 
germination of a population; other criteria have been used much less. 
The latent period of germination, i.e., the time required for germination 
to begin, responds somewhat differently to temperature (Cochrane, 
1945a) and to some toxicants (Tomkins, 1932). Germ tube elongation 
may or may not correspond in its reaction to total germination; one 
would expect, a priori, that it would resemble mycelial growth rather 
than germination, but the evidence for a fundamental difference is not 
strong. 

Naturally enough, much of our information on spore germination 
relates to the effects of environmental factors on economically important 
fungi. This kind of study combines the merits of practical importance 
and easy measurement. However, concentration on such studies has 
meant a relative neglect of fundamental physiological problems. For 
example, the dormant or ungerminated spore is probably differentiated 
metabolically from the germinating spore, and the differences might cast 
some light on the general biological properties of growing as distin- 
guished from resting cells. Germinating spores, in principle at least, 
offer the best material for the study of several aspects of the metabolism 
of fungi; it is well known that a population of mycelial cells contains a 
large and usually undetermined number of senescent or dead cells and 
that the living cells of necessity range across the whole span of develop- 
mental status. The control of nuclear number in spores by environmental 
conditions (see below, Section 1) affords us a tool for the study of the 
role of the nucleus in metabolism and development. The responses of 
spore germination to light, discussed later in this chapter, may, if studied 
thoroughly, make significant contributions to radiation biology, in par- 
ticular, the stimulation by light of a heterotrophic organism promises 
to open up new areas of understanding. 

Spore germination has been reviewed intensively by Gottlieb (1950), 
and in less detail by the present author (Cochrane, 1958). In this chap- 
ter the intention has been to supplement rather than replace these 
reviews and to organize the material more specifically toward the prob- 
lems of plant pathology. Naturally, we cannot afford to neglect sapro- 
phytes, since it is probable that most of the phenomena of spore 
germination are common to both pathogenic and other fungi. 
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poor geraiinability of aedospores of Gtjmnosporangium spp. (MacLach- 
lan. 1936) can be described in the same way is not certain. 

The thick-walled resting spores (or sporangia) of the Fhycomycetes 
often fit into the concept of dormancy in that an apparently mature 
spore is unable to germinate for some time. At least part of this period 
probably represents the time required for cytological processes, an 
again might better be described as maturation. There may be, after the 
completion of all cytological events, a period of physiological dormanc) 
(Blackwell, 1943). This is indicated first of all by the estrcme lengt 
the obligatory rest period of some forms-up to years in Perono^ora 
destructor (McKay, 1957). More crucial evidence for a physiologic 
dormancy is that a number of treatments shorten 
is especillly effective for several forms 

Schlosser, 1929), but so, for one species is a trealme J 
ganate in the presence of organic matter (h c ay, • , j condi- 
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logical events and in part by a more p y 
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1956). Second, the spore is usually observed to swell considerably. This 
is general, but not universal in fungi; spores of Vromyces j aliens do 
not swell, and observations on Sderotinia fructicola conflict (Mandels 
and Darby, 1953, Yarwood, 1936b). As discussed later (Section VI), it 
has been suggested that swelling is simply uptake of the water necessary 
for growth and development. Finally, a germ tube appears. 

The time course of germination has been very thoroughly studied in 
relation to the use of spore germination assays for fungicidal activity 
(Wellman and McCallan, 1942). A plot of the probit of per cent 
germination (corrected for nonviable spores) against the reciprocal of 
time is linear; that is, the time of appearance of the germ tube is normally 
distributed against time. Thus, the observed spread in time between 
appearance of the first and the last germ tube in a population of spores 
is an expression of random variability. The rate of germination and the 
time of appearance of the earliest germ tubes is a species character, 
varying from less than an hour to 24 hours or more (Bennett, 1921, 
Gottlieb, 1950). 

Germ tube growth presumably follows the same course as mycelial 
growth; extension occurs only at the tip, and, in most fungi, growth is 
exponential for a considerable period (Pratt, 1936; Smith, 1924; Stadler, 
1952). Tropisms toward water and toward nutrients have been reported 
— the evidence is reviewed by Brown (1936) — but the situation is still 
unclear. The negative tropisms toward light and toward other germ 
tubes are considered later in diis chapter. 

II. Maturation and Dormancy 

Gottlieb (1950) defines a dormant spore as one which “does not 
germinate under the same nutritive and environmental influences which 
later allow production of germ tubes.” This definition is perhaps the best 
which can be phrased in the present state of our knowledge, but, as its 
author realizes, it probably includes more. than one fundamentally dif- 
ferent process. 

Urediospores of the rust fungi germinate less rapidly and less com- 
pletely if they are removed from the sorus before they have separated 
from their parent cells (Zimmerman, 1925). Spores so separated will, 
however, become germinable in 24-48 hours (Cochrane, 1945a). For- 
mally, these prematurely collected spores fit the definition of dormancy 
just given. Since, however, the period needed for acquisition of full 
germinability is so short, and since spores collected from a mature sorus 
germinate immediately, it seems appropriate to consider the phenomenon 
one of immaturity and maturation. Whether the prolonged period of 
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As will be seen, the literature on longevity is almost entirely descrip- 
tive; events at the cellular level can only be guessed. One finding might 
be mentioned, that conidia of nutritionally deficient mutants of Ophio- 
stoma multiannulatum die less rapidly in a starvation medium than do 
spores of the parent stock; presumably, the deficient spores mctabote 
less and hence survive longer than the nondeficient (N. Fries 1918). 
This clue points toward a possible generalization that evtemal facto 
influence longevity, at least in part, by Uieir effect 
metabolism, on the rate of that short- 

S,Tsp“ vt°?hX endogenous metabolism, on a dr>. 

weSht or protein basis, than more durable spores; this supposition has 
not as yet been tested. 
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ably, in these spores, the 'o^s o of senescence Iiecome much 
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Experimentally, perhaps the most promising approach is the treat- 
ment of dormant thich-walled spores with various enzjmaes-lysozyme 
Ecin hemicellulase, cellulase, chitinase, etc.— which might change t 
structure or permeability of the outer cell wall. These enzyme prepara- 
tions are now easily available. 

Ascospore dormancy has been studied intensively m ^eurospora 
tetrasperma. Dormancy is broken by brief heat treatment or by furfural 
and related compounds; only the heat activation is reversible (Emerson, 
1948; Goddard, 1939; Sussman, 1953a, b). So far, the cause of the dor- 
mant has not been determined; respiratory changes occur but cannot 
be said to be primary. Recently, evidence has been presented which 
tends to implicate permeability as at least a major difference between 
dormant and activated spores: certain respiratory poisons do not enter 
dormant spores in amounts sufficient to inhibit respiration after activa- 
tion, but do enter activated spores (Sussman et al, 1958). Some asso- 
ciation of cell membranes with dormancy is indicated by the activating 
effect of alkali on ascospores of Ascobolus spp. (Yu, 1954), and by the 
finding of Brierley (1917) that ascospore dormancy in Ontjgena equina 
develops only after the heavy spore wall is laid down. 


III. Spore Longevity 

From any survey of the literature on the survival of fungi under 
natural and artificial conditions, the first impression is of the e.^treme 
differences between types of fungi. The conidia of the powdery mildew 
fungi, sporidia of rust fungi, and sporangia of downy mildew fungi live 
for periods of only days under the most favorable conditions. At the 
other extreme, the survival of chlamydospores of the Ustilaginalcs, rest- 
ing spores of the Phycomyceles, and basidiospores of some H>mcnomy- 
cclcs may be measured in years. Tlie survival of herbarium specimens 
for as long as 21 years (Zobl, 1943) is presumably to be attributed to 
spore longevity. 

Laborator)’ studies may, however, give a misleading impression. 
Among the rust fungi, for example, survival of urcdiosporcs in nature 
is shorter than that under conditions chosen in the laboratory as favor- 
able (Cochrane, 1913a; Rosen and Weetman, 1940). 

As a rule, sexual spores survive longer than asexual; however, the 
conidi.i of some imperfect fungi may survive verj' long periods (Roberg, 
1915). From an cvolutionaiy point of view, species which have lost 
their .sexual stage probably disappear unless their asexual spores — or 
other enduring organs such as sclcrolia— can take over the function of 
carrying the organism over long periods of unfavorable conditions. 
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water and dehydration of the cel! (Meryman, 1956). However, the pos- 
sibility of internal formation of ice crystals and consequent mechanical 
disruption of cell structure cannot be disregarded. Finally, the experi- 
ments of Mazur (1956) show that the viability of spores of Aspergaius 
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B. Temperature 

we can make is that down to the 


function of temperature; 


One of the few generalizations 
treezine point spore longevity is an inverse 
survival is longest at or near 0“ G. The effect of higher 
presumably compound: at moderate temperatures and high ^ 

endogenous metabolism may he accelerated and result even ^ 
exhaustion of stored reserves. At still higher temperatnres or unde 
ins conditions, excessive dehydration or protein denaturation may 
more important. However, it should be stressed that these are 
tions only, the data available on this topic are almost exclusi y 
descriptive. 

The death of fungi at very high temperatures has been stu 
relatively little. The thermal death point— the least j 

which a population of cells is Hlled in 10 minutes — is about i e ^ 
of the vegetative cells of mesophilic bacteria, i.e., 40-60° C. (Ling 
Yu, 1941). However, the thermal death point and the related 
death time are not particularly useful, since other conditions no a y 
the water content of the spores and the relative humidity of the 
phere — aifect the value markedly and may vary from one determina lO 
to another (Cole and Fergus, 1956, Groom and Panisset, 1933; Jensen, 
1948). ., 

The order of death at high temperature is usually not exponen 
(Hull, 1939; Smith, 1923, WilUams et at, 1941). The sigmoidal curve 
obtained when the fraction surviving is plotted against time of h©^ ^ » 
probably is to be interpreted as reflecting variability in heat resistance 
in the population. This question might repay investigation with particu 
attention to any possible effect of nuclear constitution on heat resistance. 

Fungi differ widely in their tolerance to subzero temperatures (Co 
and Fergus, 1956, Faull, 1930; Flor, 1954; Harter and Zaumeyer, 19^ h 
Tlie rather large literature on the effect of very low temperatures, sum 
marized in part by Luyet and Gehenio (1940), is impossible to evalua e 
in the light of present-day knowledge. Too often we are not informed 
essential experimental conditions — the rates of freezing and thawing* 
the quantitative degree of injury or survival, the types of cells presen 
in the preparation, and so on. About the only generalization that appears 
safe is that spores frozen in water or at high moisture content are mom 
susceptible to freezing injury than are dry spores. Repeated freezing an 
thawing under moist conditions appear to be particularly damaging- 
NVo touch here on a general biological problem, the nature of freezing 
injury-. It is believed that in slow freezing, the most probable situaUO 
in reported experiments on fungi, the injurious factor is withdrawal o 
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slowly; toxic cations are removed from solution by an adsorption 
mechanism in a short time, but reach sensitive regions of the cell only 
after an appreciable time. 

It is not possible now to deeide between these different hypotheses, 
the experimental methods are, indeed, so different that it is not even 
certain that the two are contradietory. 

Studies on methylene blue uptake show that the spore has electro- 
negative binding sites and that nations compete for these sites (Sussman 
and Lowry, 1955); it is known that hydrogen ions somewhat antagonize 
the toxicity of copper (Biedermann and Muller, 1951), and that other 
cations depress the accumnlation of eopper by Momlmta fmcticola 
(Marsh 1945). Other studies have shown that lysozyme treatment 
changes’ the permeability of ascospores of Neurospora tetrasperma 
(Lowry et at, 1956). In the same species, the release of ions from the 
cell at the time of onset of germination can be interpreted as a change 
in membrane permeability (Sussman, 1954). , n c ■ 

An antibiotic of Streptomyces sp. causes abnormal swellmg of sensi- 
tive fungus cells, it is speculated, without direct evidence that the 
antibiotic prevents an active metabolic extrusion of water (Links et al, 
1957). 

B. Nutritional Requirements 

One of the problem’s of spore physiology is to determine whether a 
snore reouires exogenous nutrients. It is not permissible simply to wash 
rores Sm a nXienrmedium and test them for gemination wi* and 
spmes rrom a nutrieu nutrient materials are earned over 

without added nu ie ^ ^ 4 of the relevant literature is vitiated 

by the absence of any I„ ^^w of the difficulty, we may 

amination rf the spores y spore germination is 

speculate that many o instances of real nutritional defi- 

Stimulated” by nutrients are substances external to the spore, 

ciendes partially met by ^ mst could be made by 

Conventionally. ™PP^if„g 3 t.on and testing the washed 

washing ^P”e^by filtra ion or Although the present 

spores for germmation with a^ ^ j be admitted that the 

author feels that this ^ nssemial materials may be leaclied 

mthod is open to the objection ^Vashed spores of Fusarium 

ml “.'.STttr"™ "“'•"fSi"' 

tetrasperma germinate in distilled svater (Sussman. 19o4) 
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Lyophilization (freeze-drying) of spores suspended in serum, dex- 
tran, or gelatin is more often successful, but again it is not universally 
efficacious (Haskins and Anastasiou, 1953; Meyer, 1955). Simple vacuum 
drying without freezing is often more effective, especially if the suspend- 
ing medium is omitted and dry spores are used (Graham, 1956; Rhodes, 
1950). Survival is also better if the spores are allowed to rehydrate 
slowly before being put on a germination medium ( Graham, 1956; Sharp 
and Smith, 1957). 

A study of three saprophytic fungi, all of which suffer 90% losses m 
viability when subjected to the standard freeze-drying procedure, indi- 
cates that rapid spray drying from a serum suspension causes less dam- 
age; the point is made that in lyophilization the rate of drying is prob- 
ably too low (Mazur and Weston, 1956). 

IV. Spore Nutrition and Metabolism 
A. Permeability 

Since permeability is perhaps the least understood phenomenon of 
biology, it is not surprising that our data on the entrance of materials 
into spores is fragmentary and difficult to explain. It is easy to observe 
in respiration studies, for example, that sugars, alcohols, organic acids, 
and other substrates enter the spore and are metabolized. Rubidium — 
and by inference potassium — is accumulated against a concentration 
gradient by germinated conidia of Neurospora crassa; limited evidence 
suggests that the transfer requires metabolic energy ( Lester and Hechter, 
1958). Toxicity of azide and fluoride is maximal at low pH (Sussman 
et al., 1958); as in other organisms, this finding implies that un-ionized 
compounds enter more rapidly than ionized. 

Recent work on toxicants poses two quite different views of the 
entrance of ions. On the one hand, spores of fungi rapidly accumulate 
cationic toxicants, e.g., mercury and silver, when these are supplied to 
the spore in fungicidal amounts (Miller and McCallan, 1957; Miller 
ct ah, 1953a, b). The implication is that spores are very permeable to 
ions; it is believed that the amounts accumulated are too large for sur- 
face adsorption to be the primary factor, and direct analysis of 
homogenate fractions confirms that toxicants are distributed within the 
cell (Owens and Miller, 1957). Although it may be objected that the 
apparent rapid entry of these ions is through a membrane damaged in 
some manner, zinc, a nonloxic ion, is taken up in the same way. 

Against this view on permeability to ions stand experiments of 
Sussman cl al. (1958). Toxic anions like fluoride, supplied at concentra- 
tions probably loo low for quick fungicidal action, appear to penetrate 
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tration of the host is negligible in the absence of nutrients. If spore 
germination is accelerated by nutrients and if nutrients are normally 
present in the infection court, this may make the difference between 
success and failure of the infection process. 

C. Metabolism of Ungerminated Spores 

Spores are complete metabolic systems; under suitable conditions, 
therefore, it is not surprising that common enzymes known from studies 
on mycelial preparations are demonstrable. It would be tedious to list 
all known spore enzymes; it is interesting to note that some appear from 
limited evidence to be located at or very near the spore surface (Mandels, 
1956, 2alokar and Cochrane, 1956). Urediospores of Puccinia graminis 
tritici form several hydrolytic en^mes; pectin polygalacturonase appears, 
from not quite conclusive data, to be formed "adaptively,” i.e., to be 
synthesized in response to the presence of substrate in the germination 
medium (Van Sumere et ah, 1957a). 

Spores are always capable of oxygen uptake so long as they are 
viable. Typically, a basal endogenous rate can be measured and repre- 
sents the oxidation of stored materials. Provision of a respirable substrate 
results in accelerated oxygen uptake, although spores of some fungi may 
not respond to a particular substrate (McCalJan et al, 1954). The sub- 
strates which are used vary of course with the fimgus, Myrothecium 
verrucaria spores respire actively on the common monosaccharides, 
sucrose, maltose, glycerol, mannitol, ethanol, several organic acids, and 
some amino acids (Mandels and Norton, 1948). 

Oxidative assimilation is often encountered in studies of the respira- 
tion of mycelial preparations (Stout and KofQer, 1951). In this laboratory 
we have noted that the oxidation of acetate by spores of Fusarium solani 
conforms to the equation: 

+ Oj ^ (CH^O) + CO2 + HP 

That is, oxidation is incomplete, and we assume that the missing 
acetate is assimilated at the reduction level of carbohydrate. 

Fermentative activity has been relatively little studied in spores. Un- 
published work m this laboratory shows vigorous alcoholic fermentation 
by macroconidia of l!^eurospor(i spp. incubated anaerobicaliy with glu- 
cose. With Fusarium solani macroconidia there is no detectable anaerobic 
carbon dioxide formation. 

Studies with isotopioally labeled glucose suggest that in some fungi, 
spore respiration differs qualitaUvely from that of mycehum (Cochran j 
1957). The methods available do not. however, allow us to specify mth 
any assurance just which pathways are operative. It is easily ronceivable, 
in the abstract, that the onset of growth is accompanied by or even 
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A second method, and one less open to cavil, is to collect spores in 
such a way that they are not from the beginning contaminated by nu 
trients Vacuum collection, when possible, is a satisfactory 
requirements for carbon, nitrogen, and minerals ““ ' 

spores collected in this way (Berry and Barnett, 1957; Lm, 1940). 
the other hand, conidia of the powdery mildew fungi and mediospores 
of the rust fungi collected by shaking from the infected leaf, and hence 
presumably free of nutrients, germinate well in pure water, althougn 
nutrients may accelerate germination (Yarwood et al,, 1954). 

Few natural vitamin requirements for spore germination are Imovm, 
biotin is required by Memnoniella echinata (Perlman, 1951) and— tor 
one stage of the germination process — ^by Myrothecium vernicaria 
(Mandels, 1955). Hypoxanthine, partially replaced by guanine ac- 
celerates germination of spores of Phtjcomtjces blaJcesleeamis (Robbins 
and Schmitt, 1945). Complex . organic materials, eg, plant extracts, 
crude protems, and soil extract, often increase germination (Gottheb, 
1950), but by mechanisms tliat are still unknown. 

In general, mutants requiring particular metabolites for growtli 
ammo acids, vitamins, etc. — also require them for spore germination or 
at least for germination at a normal rate (Ryan, 1948, Shepherd, 19 , 
Woodward et al, 1934), 

These admittedly fragmentary data suggest that there is among fun^ 
a spectrum of nutritional requirements. At one extreme, some fungi need 
no external nutrients; presumably, the energy necessary for germinati^ 
can be obtained from endogenous reserves. Other fungi may be ab- 
solutely or only partially dependent on a particular nutrient or, in the 
most extreme situation, on several nutrients. An ecological advantage 
may be conferred on a fungus which requires external nutrients, in that 
spores will be “protected” from germinating in a milieu which is too 
impoverished to support mycelial growth. Presumably, this advantage is 
offset among pathogens like the rust fungi by the ability' of the spore to 


support germ tube development and penetration of the host. 

The spores of plant pathogfens germinate in an infection court whicn 
often contains nutrients derived from the host. Tliese nutrients may be 
normal exudates of a leaf or root (Barton, 1957; Kovacs and Szeoke, 
1936, Weintraub ct ah, 1938), or materials lost from previously infected 
tissue as a result of the infection (Wilson, 1937). The plant pathologist 
is therefore less interested in whether a spore has an absolute or relative 
requirement than he is in the effect of nutrients on the “inoculum 
polcntial” (Garrett, 1936), the sum of inoculum factors which deter- 
mine the establishment of an infection. A hyiiothelical fungus may be 
able to germinate in distilled water if given time enough, but llic re- 
quired time may be so long that under field conditions successful pene- 
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summaries are available (Hawker, 1950; Togashi, 1949, Wolf and Wolf, 
1947). Generalization is difficult, not least because the methods used in 
the original determination are often inadequate. However, it does appear 
that some groups of fungi can be approximately characterized by their 
temperature preferences. The lowest temperature optima, for example, 
appear as a rule among the Peronosporales, although other low tempera- 
ture fungi are of course known (Niemann, 1956). Species of Aspergillus 
and possibly of Coprinus have rather high optima. Urediospores of most 
rust fungi germinate best at 22° C. or lower, again, some exceptions are 
apparent in the summaries cited. Such convenient generalization is not 
always possible: reported optima for species of Rhizopus range from 27° 
to 44° C. (Weimer and Harter, 1923), and strains of Erysiphe cichora- 
cearum with very diEerent optima have been found (Yarwood et al, 
1954). Similarly, one cannot geneialize about the smut fungi: chlamydo- 
spores of Tilletia spp. germinate best at about 5° C. (Bayhs, 1958, 
Meiners, 1958), those of Ustilago zeae at 26-34° C. (Jones, 1923b). 
Fungi which can only infect their hosts in cool weather derive an obvious 
advantage from a low temperature optimum. 

From the data collected by Togashi (1949), it is possible to estimate 
that the “average” optimum for plant pathogenic fungi is about 25° C. 
Presumably a comparable value for saprophytic fungi would be a few 
degrees higher; there are no satisfactory data on spore germmation in the 
truly thermophilic fungi. 

In Fig. 2 are drawn idealized response curves of three types. The 
type most frequently reported is roughly symmetrical — often a little 
skewed to the right — and has a broad optimum zone. Examples include 
several of the rust fungi (Campbell and Dimock, 1955, Cochrane, 1945a), 
Coccomyces hiemalis, (Keitt et al, 1937), and Ustilago spp. (Bever, 
1945). The other two types of curve shown in Fig. 2 are quite frequent, 
more rarely, a curve skewed to the left has been reported (Cherewick, 
1944; Felton and Walker, 1946). 

A certain amount of caution in the interpretation of curve shape is, 
however, necessary. Numerous factors affect it, and different laboratories 
seldom control these factors to the same degree. The most important is 
the time of observation: early observation yields a curve with a sharply 
defined optimum, but in time the germination at less favorable tempera- 
tures catches up and the optimum becomes much broader (Felton and 
Walker, 1946; Ling and Yang, 1944, Saccas, 1951; Wellman and McCal- 
lan, 1942). 

The shape of the response curve is also affected by other environ- 
mental factors. It may be stated as a principle that the limits of germina- 
tion are narrower if some other factor is nonoptimal. In specific terms, 
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requires some change in the pathway of respiration. These problems 
remain, for the future. 

D. Metabolism of Germinaiing Spores 
At least in those fungi which are independent of external sources of 
carbon for germination, there must be respirable substrates the °«dation 
of which provides energy for germination processes. Although the rat 
content of many spores is not unusually high (Schonborn, 1955), it may 
be suggested as a working hypothesis that the oxidation provi es 

the necessary energy. First, although not conclusive by itself, the respira- 
tory quotient of Neurospora crassa spores is about 0.7 (Owens, 19 ;• 

Second, stainable lipids disappear during germination (Evans and 
Harrar, 1930; Kordes, 1923). Third, the clear analytical data ot bm 
et al, (1954) show that the carbohydrate and protein content of uredio- 
spores of Fuccinia graminis trittci change little during germination, ut 
that the hpid content falls from 19.7% to 7.8% of the dry weight during 
the germination process. The lipid content of spores of Aspergi us 
nidulans similarly declines during germmation (Shepherd, 1957). 

Physiological changes during germmation of spores of Aspergilus 
niger in a glucose-proline-phosphate medium have been reported in de- 
tail by Yanagita (1957). Dry weight and total nitrogen both increase 
but the total nitrogen as a fraction of the dry weight declines during 
germination. Changes in ribonucleic acid, nonprotein nitrogen, and pro- 
tein nitrogen all conform to a picture consonant with current concepts 
of protein synthesis: the ribonucleic acid begins to increase very ear y 
in germination, after which nonprotein nitrogen rises to a peak and then 
declines. During this decline of nonprotein nitrogen, protein rises, sug- 
gesting that a pool of protein precursors built up in the earlier period is 
being converted to protein via some process in which the ribonucleic 
acid plays a vital role. 

It is to be e?cpected that a somewhat different sequence of events 
prevails in spores which are germinating without an e.xtemal source ot 
carbon. Certainly tliere would be no over-all increase in dry weight. 
Whether protein is synthesized before e.\ogenous sources of nitrogen and 
carbon can be tapped is a problem wortli investigation. Similarly, the 
fate of any organic or polymerized phosphate would be of interest; 
during germination of Aspcrgtihis nidttlans spores both of these fractions 
decline in amount (Shepherd, 1957). 

V. Temperature and Germination 

Tlic "cardinal temperatures” for spore germination — the minimum, 
optimum, and maximum — have been determined for many fungi; several 
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This sensitivity is paralleled by sensitivity of the early processes of 
spore germination to a favorable temperature. The germination of 
urediospores of Phragmidium mucronatum at 9° C. is increased by about 
160^ if the spores are exposed for one hour to a temperature of 18®; 
during this exposure at a favorable temperature there is no visible sign 
of germination (Cochrane, 1945b). The same phenomenon apparently 
occurs in Pucclnia chrysantheml (Campbell and Dimock, 1955); in 
Phytophthora infestans even a very short period at 40® C. greatly in- 
creases direct germination of conidiosporangia subsequently incubated at 
20® (Taylor et al, 1955). We may suggest, therefore, that the early 
metabolic reactions in spore germination have a different response to 
temperature than later stages. 

VI. Water and GEE^^INA*^oN 

The association of water with fungus development is a matter of 
common observation, and the economic importance of the fungi has 
ensured the accumulation of a substantial body of evidence on the 
moisture requirements of spore germination (Clayton, 1942; Doran, 1922, 
Gottlieb. 1950; Siu, 1951). 

Most results are reported in terms of relative humidity. It is not 
always realized, however, that any measurement of relative humidity is 
only as accurate as the temperature determination. Particularly if one 
is trying to maintain an atmosphere at 100% relative humidity without 
the presence of liquid water, temperature control is decisive, at the 100% 
level, even the slightest lowering of temperature must result in deposition 
of free water; in such experiments, the precision of control of tempera- 
ture should be of the order of rb 0.01® C. Systems for the control of 
humidity have been described (Clayton, 1942; Cochrane, 1945a; Help, 
1954); the author’s experience indicates that a static system, in which 
spores are incubated in a closed vessel over a humidity-regulating solu- 
tion, is preferable in accuracy and convenience to systems which depend 
on controlling the moisture in a moving air stream. 

It is often of interest to measure the germination of spores on solid 
substrates — agar, grain, textiles, etc. — which themselves take up water 
from the atmosphere. Under such coaditioas, germination is often pos- 
sible at relative humidities which would not permit germination on a 
nonabsorptive medium like glass (Armolik and Dickson, 19o6; Block, 
1953; Groom and Panisset, 1933). It is reasonable that such findings be 
interpreted as indicating that the substrate has a greater water-absorbing 
capacity than the spore but that in some way the spore is able to utilize 
this water. We have thus a paradox, the spore apparently getting water 
from a substrate ^vhich has a higher water-absorbing capacity tll.^n it 
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it is found that the temperature range perinitting germination is narrower 
if spores are immature (Doran. 1922), if the pH is unfavorable (Tilfor^ 
19361 if relative humidity or substrate moisture is nonoptimal (t,room 
and Panisset, 1933; Purdy and Kendrick, 1957), or if nutrients are m 
short supply (Gardner, 1918; Yarwood et al, 1954). 

In general, the temperature response of germ tube growth is more 
like that of mycelium than it is like that of spore germination per se; 
the data of Snell (1922) on Lenzites sepiarla are especially striking. 



TEMPERATURE > 

Fic. 2. Idealized types of temperature*response curves of spore germinatwn 
The disUnctive features ate exaggerated for emphasis. Curve 1: symmetrical with a 
broad optimum Curve 2i skewed to the right. Curve 3: symmetrical with a sharp 
optimum. 

Again, it is impossible to generalize: germ tube growth and germination 
may respond alike to temperature ( (Frick, 1943; Gaumann, 1946; Saccas, 
1951) or there may he pronounced differences (Cochrane, 1945a; 
Gaumann, 1946; Felton and Walker, 1946; Keitt et al., 1937; Yarwood 
ct al, 1954). 

So far we have considered data on the effect of temperature on the 
final germination, i.e., on the potential germination. If the rate of ger- 
mination is tlic criterion, we find quite commonly and with a variety of 
different plant pathogenic fungi that the rate is more sensitive to 
moderately nonoptimal temperatures than is the final germination. That 
is, germination is delayed by temperatures lower or higher than the 
optimum, but, once germination lias begun it is almost as rapid and com- 
plete at the unfavorable temperature as at the favorable (Cochrane, 
1945a: Saccas, 1931; Sweet, 1941; Wellman and McCallan, 1942). Put 
another way, the latent period is more sensitive to an unfavorable tem- 
perature than is the final germination. 
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free water A reexamination of this whole question would be of con- 
siderable interest 

As briefly noted above, the conidia of some of the powdery mildew 
fungi are distinctive m that they germinate at very low relative humidity, 
even over a desiccant (Brodie, 1945, Cherewick, 1944, Delp, 1954)' 
Correspondingly, it is a matter of general knowledge that some of the 
powdery mildew diseases are favored m nature by relatively dry 
conditions 

The virtually unique property of germination at zero relative hu- 
midity confers on the powdery mildew fungi considerable theoretical 
importance In a series of papers, Yarwood (1936b, 1950, 1952) has 
developed the fundamental idea that the ability of these spores to 
germinate at low humidity is a function of their high water content Two 
difi^erent methods of determining water content both assign a value of 
about 70% water to the conidia of Erysiphe polygoni, density data are m 
agreement By contrast, the spores of other fungi, eg, Pentallium 
digitatum and MoniUma fructicola, are much lower in water and are 
probably m a relatively simple equilibrium with the environment The 
observed decrease in volume of conidia of the powdery mildew fungi 
during germination in dry air supports Yarwood’s hypothesis 

The hypothesis has been broadened by Yarwood (1950) in the 
proposition that fungus spores of the usual type, i e , those with a lou' 
water content in hygroscopic equilibrium with the environment, must 
absorb water to about the level of that in the powdery mildew conidia, 
70%, before germination is possible This of course explams the swelling 
of spores so frequently reported (p 170), but leaves unexplained the 
situation in those few spores of normal water content which apparently 
do not swell prior to germination 

Although there are conflicting data and an alternative explanation 
has been suggested for the behavior of the spores of powdery mildew 
fungi (Brodie, 1945), the proposal just outlined appears to be the most 
promising general explanation of humidity relations Some problems of 
course remain, for example, the conidia burst in pure water rather soon 
after immersion (Delp, 19^), implying a rapid entrance of water. On 
the other hand, the observed maintenance of a high water content even 
over desiccants, and direct measurements of wafer loss (Yanvood, 1950), 
both suggest that the outward movement of water from the interior of 
the spore is slow 

VII pH AND GEFXtrVATTOV 

Spores of most fungi germinate best at pH 45 to 65, witli extreme 
limits at, generally speaking, pH 3 and 8 A number of examples mav be 
cited m support of this rough generalization spores of Mj-xom) cotes 
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does. Only further study, with methods more subtle than tliose heretofore 
used, will resolve the difficulty. 

Fungus spores which are able to germinate at rather low humidities 
are correspondingly able to germinate in media of high osmotic pressure 
(Armolik and Dickson. 1956). 

Temperature and humidity requirements are so interrelated that it 
somewhat artificial to speak of an optimum for either without specifying 
the other. In general, as the temperature is raised, the requirement tor 
water becomes more stringent. i.e., the relative humidity requued lor 
best germination rises (Bonner, 1948, Delp, 1954). We have 
mentioned that the apparent temperature optimum is affected by the 
relative humidity. 

The fungi can be arranged along a scale of humidity requirements. 
At one end of the scale we find the powdery mildew fungi, some of 
which produce spores able to germmate at zero relative humidity. At the 
other extreme, a number of fungi appear to require liquid water for 


germination. Let us consider first the intermediate forms. 

Several fungi, including species of Aspergillus and Penicilliutn, form 
spores which germinate at as low a relative humidity as 75 to 80% 
(Armolik and Dickson, 1956; Bonner, 1948, Heintzeler, 1939). This 
value seems to be the practical low limit for fungi apart from the 
powdery mildew fungi. Somewhat more form spores which germinate 
at relative humidities of 90 to 95%; some examples are Ustilago spp. 
(Clayton, 1942), Botrytis cinerea (Rippel, 1933), Femes annosus (Rish- 
beth, 1951), and Verticillium albo-atrum (Schneider, 1954). Venturia 
inuequalis ascospores and conidia require a yet higher relative humidity 
but still germinate in the absence of liqud water (Clayton, 1942). 

The top of the scale is occupied by those fungi which require liquid 
water for substantial spore germination. As mentioned earlier, deter- 
mination of this kind of requirement demands extremely accurate 
control of temperature; we must reject all reports in which accurate 
temperature control is not specified and germination in the absence of 
free water is claimed. A requirement for liquid water has been reported 
for Eudoconkliophora /agaccorimi (Cole and Fergus, 1956), Sclcrotinia 
spp. (Clayton, 1942), and the ase.xual spores of members of the Perono- 
sporalcs (Doran, 1922; H>Te and Cox, 1953). 

The bulk of the evidence — some, to be sure, based on inadequate 
mctliods — indicates that the urediospores, and indeed all spore forms, of 
the nist fungi require liquid water for germination (Cochrane, 1915a; 
MacLachlan, 1936, Yarwood, 1939; Zimmerman, 1925). However, the 
work of Clayton (1912), in whidi adequate methods were employed, 
stands in contradiction; he found that urediospores of Puccinia coronate 
and F. grtmiinijr germinate at 100% relative humidity in the absence of 
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free water A reexamination of tins whole question would be of con- 
siderable interest 

As briefly noted above, the conidia of some of the powdery mildew 
fungi are distinctive in that they germinate at very low relative humidity, 
even over a desiccant (Brodie, 1945, Cherewick, 1944, Delp, 1954) 
Correspondingly, it is a matter of general knowledge that some of the 
powdery mildew diseases are favored m nature by relatively dry 
conditions 

The virtually unique property of germination at zero relative hu 
midity confers on the powdery mildew fungi considerable theoretical 
importance In a series of papers, Yarwood (1936b, 1950 1952) has 
developed the fundamental idea that the ability of these spores to 
germinate at low humidity is a function of their high wafer content Two 
different methods of determining water content both assign a value of 
about 70% water to the conidia of Erystphe polygoni, density data are m 
agreement By contrast, the spores of other fungi, eg, Pemctlhum 
digitatum and MoniUma fructicola, are much lower in water and are 
probably in a relatively simple equilibrium with the environment The 
observed decrease in volume of conidn of the powdery mildew fungi 
during germination in dry air supports Yarwood s hypothesis 

The hypothesis has been broadened by Yarwood (1950) m the 
proposition that fungus spores of the usual type, i e , those with a low 
water content in hygroscopic equilibrium with the environment, must 
absorb water to about the level of that in the powdery mildew conidia 
70%, before germination is possible This of course explams the swellmg 
of spores so frequently reported (p 170), but leaves unexplained the 
situation in those few spores of normal water content which apparently 
do not swell prior to germination 

Although there are conflicting data and an alternative explanation 
has been suggested for the behavior of the spores of powdery mildew 
fungi (Brodie, 1945), the proposal just outhned appears to be the most 
promising general explanation of humidity relations Some problems of 
course remain, for example, the conidia burst in pure water rather soon 
after immersion (Delp, 1954), implying a rapid entrance of water On 
the other hand, the observed maintenance of a high ater content even 
over desiccants, and direct measurements of water loss (Yaia\ood, 1950), 
both suggest that the ouhvard movement of vatcr from the interior of 
the spore is slow 

VII pH AND GsaiMIVATIOV 

Spores of most fungi germinate best at pH 4 5 to 65, with extreme 
limits at, generally speaking, pH 3 and S A number of examples mav be 
cited m support of this rough generalization spores of Mxxomjcctes 
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does. Only further study, with methods more subtle than those heretofore 
used will resolve the difficulty. 

Fungus spores which are able to germinate at rather low humidities 
are correspondingly able to germinate in media of high osmotic pressure 

(Armolik and Dickson. 1956). , , j , 1 , f -i lo 

Temperature and humidity requirements are so interrelated that it 
somewhat artificial to speak of an optimum for either without specifying 
the other. In general, as the temperature is raised, the requirement tor 
water becomes more stringent, i.e., the relative humidity required tor 
best germination rises (Bonner, 1948, Delp, 1954). We have idready 
mentioned that the apparent temperature optimum is affected by the 


relative humidity. 

The fungi can be arranged along a scale of humidity requirements. 
At one end of the scale we find the powdery mildew fungi, some of 
which produce spores able to germinate at zero relative humidity. At the 
other extreme, a number of fungi appear to require liquid water for 
germination. Let us consider first the intermediate forms. 

Several fungi, including species of Aspergillus and Penidllium, form 
spores which germinate at as low a relative humidity as 75 to 80% 
(Armolik and Dickson, 1956, Bonner, 1948; Heintzeler, 1939). This 
value seems to be the practical low limit for fungi apart from the 
powdery mildew fungi. Somewhat more form spores which germinate 
at relative humidities of 90 to 95%; some examples are Ustilago spp. 
(Clayton, 1942), Botrytis cinerea (Rippel, 1933), Fames annosus (Rish- 
betli, 1951), and VerticilUum albo-atnim (Schneider, 1954). Venturia 
inaequalis ascospores and conidia require a yet higher relative humidity 
but still germinate in the absence of liqud water (Clayton, 1942). 

The top of the scale is occupied by those fungi which require liquid 
water for substantial spore germination. As mentioned earlier, deter- 
mination of this kind of requirement demands extremely accurate 
control of temperature; we must reject all reports in which accurate 
temperature control is not specified and germination in the absence of 
free water is claimed. A requirement for liquid water has been reported 
for Etuloconidiophora fagacearum (Cole and Fergus, 1956), Sclcrotinia 
spp. (Clayton, 1942), and the asexual spores of members of the Verona- 
sporalcs (Doran, 1922; Hyre and Cox, 1953). 

The bulk of the evidence — some, to be sure, based on inadequate 
metliods — indicates that the urcdiosporcs, and indeed all spore forms, of 
the nist fungi require liquid water for germination (Cochrane, 1915a; 
MacLachlan, 1936; Yanvood, 1939; Zimmerman, 1925). However, the 
work of Clayton (1912), in which adequate methods were employed, 
stands in contradiction; he found that urcdiosporcs of Fuccinia coronata 
and P. grominis germinate at KKKE relative humidity in the absence of 
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spore genninatioD. Some of the data on P. maydis are sho\vn in Fig. 4. 
Again, it is the shorter wavelengths \yhich are effective and, consistent 
with a possible role of photooxidations, the light effect is exerted only 
in the presence of oxygen. The light response of spore germination of 
Erysiphe polygoni is conditioned by the time of removal of the conidia 
from the host plant (Yanvood, 1936a). 


60 
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Fic. 4 The germinaUon of lestmg sporangia of Thysodcrma maydiS os a 
function of light intensity. Redrawn from Hebert and Kelman (1038), by permission 
of the authors and of Fhyiapalhohey 

Finally, we may briefly mention as an effect of visible light the phe- 
nomenon of photoreactivation, reviewed by Dulbecco (1955). Tliis may 
be defined .as the partial reversal of lethal, mutagenic, or other effects of 
ultraviolet radiation by subsequent c-xposurc, within a short time, to 
visible light. An action spectrum has not been reported for fungi; for 
Strcptomyccs griseus, photoreactivalion is ma.ximal at 130 m/i (Kelncr, 
1951). 

Diurnal variations in germ tube growth and in gcrminabilily of 
conidia of Erysiphe spp. (Yanvood, 1930a; Yanvood and Cohen. 19!9) 
cannot as yet bo ascribed to any direct effect of light, since the conidia 
are of necessity grown on a host plant and indirect effects cannot Iw 
excluded. 

Tlicse various effects of visible light— inhibition of germination, 
acceleration of germination, germ tube tropisms. and photoreactivalion— 
cannot as yet bo subsumed under one theory. F or each, w e need to Inmv 
Uio action spectrum, tlic temperature coeflident. and tlic effect of sucli 
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A natural photodynamic action of chlorophyll has been discovered m 
a study of carotenoid-deficient mutants of the photosynthetic bacterium 
Rhodopseudomonas spheroides (Stanier and Cohen-Bazure. 1957). It is 
suggested that in the wild type— and. Indeed, in all photosynthetic 
organisms— carotenoids protect against this photodynamic action, pos- 
sibly being themselves oxidized to epoxides. This leads further to the 
possibility that carotenoids in general protect against photooxidations; 
thus, Stanier and Cohen-Bazire suggest that the carotenoids of fungus 
spores, and for that matter of mycelium, protect against damage from 
light. Chlorophyll is not of course present in fungi, but other porphyrins 
may take its place; or. still other pigments may be involved. In vitro 
studies have shown, for example, that riboflavin can act photodynami- 
cally (Galston and Baker, 1949). 

A second, and more familiar, effect of visible light is the inhibition 
of spore germination. This is especially well documented in the rust 
fungi; the literature is reviewed briefly by Cochrane (1945c). The 
striking aspect of this inhibition is that experiments with filters indicate 
that the longer wavelengths — red, orange, and yellow light — are the 
effective wavelengths, and that the higher energy radiations in the blue 
regions are ineffective (Dillon Weston, 1932a). This rather surprising 
conclusion is borne out by studies on the inhibition by light of germina* 
tion of the conidia of Erysiphe graminis tritici, which are of course not 
obviously pigmented (Pratt, 1944). A thorough quantitative study of 
this problem, including a complete action spectrum with high resolution 
and a determination of the temperature coefficient, would be of great 
interest. 

Dry spores are less susceptible than wet to light inhibition (Cochrane, 
1945c); tills is also true of ultraviolet inhibition (Dillon Weston, 1931). 
Presumably under these conditions, some growth processes have begun 
and sensitivity is thereby increased; partially germinated spores are more 
sensitive than ungerminated (Dillon Weston, 1932b; Pratt, 1944). 

Visible light causes a bending away of the germ tubes of germinating 
urediospores of some rust fungi (Forbes, 1939). This negative photo- 
tropism suggests tliat the proximal wall of the germ tube is accelerated 
in its extension, i.e., a stimulatory rather than an inhibitory action, but 
the meclianism is unknoivn. Tlie most effective region of the visible 
spectrum is the blue-violet. 

Gottlieb (1930) reviews the early literature on light acceleration of 
spore germination, most of which is suggestive only. However, the more 
recent work of Ziegler (1918) on spore germination in the Saprolegnialcs, 
and especially tlic data of Hebert and Kclman (1958) on Vhysoderma 
motjdls of the Chylridiales, definitely establish a role of light energy in 
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Photoreactivation, discussed in the previous section, virtually compels 
us to imagine one or more intermediate steps between absorption of 
ultraviolet and the final biological effect, and to hypothesize that all 
effects of ultraviolet have at least one stage in common, since all are 
subject to photoreversal. 

IX. Effects of Oxygen and Carbon DioxroE on Germination 

Ideally, experimental studies on the oxygen requirement of spore 
germination should include (1) a study of the response of spores to 
graded and accurately measured oxygen pressures, and (2) proof that 
the spores which do not germinate at a given oxygen pressure are still 
viable at the end of the observation period. As pointed out by Gottlieb 
(1950), it is not possible to conclude simply from a deleterious effect of 
submergence on germination that the mechanism responsible is an 
oxygen deficit; too many other factors, especially the accumulation of 
carbon dioxide and of toxic metabolites, enter into the picture. 

In general and with few exceptions, spores of the fungi do not 
germinate under complete anaerob/osis; examples include uredfospores 
of rust fungi (Allen, 1955; Hart, 1926), ascospores of Neurospora crassa 
(Goddard, 1935), and chlamydospores of smut fungi (Jones, 1923a, 
Platz, 1928). Conidia of Ertjsiphe graminis are reported by Domsch 
(1954) to germinate, although poorly, in a nitrogen atmosphere, but 
other studies on the powdery mildew fungi indicate that anaerobiosis 
prevents spore germination (Brodie and Neufeld, 1942). 

Conidiosporangia of Phytophthora spp. germinate — by swarmspore 
formation only — -under anaerobiosis, but spores of other species of the 
Peronosporales fail completely to germinate under these conditions 
(Uppal, 1926). Even in the Mucorales, many species of which appear 
to have a low oxygen requirement, germination is apparently not possible 
under completely anaerobic conditions (Wood-Baker, 1955). 

We have relatively little information on the optimum oxygen pres- 
sure for spore germination. Quantitative studies on three different fungi 
—Puccinia graminis tritici (Allen, 1955), Botrytis cinerea (Brown, 1922), 
and Ustilago zeae (Platz, 1928)— agree that an oxygen pressure of about 
30 to 38 mm. is sufficient for spore germination. 

Spore germination and respiration of Aspergillus niger are ac- 
celerated by carbon dioxide (Yanagita, 1957); we may speculate that the 
role of carbon dioxide in fungal metabolism is as a precursor of essential 
amino acids. The requirement is specific: C/stilago matjdts germinates 
only negligibly but Physoderma matjdis germinates normally in an 
atmosphere free of carbon dioxide (Hebert and Kelman, 1958). The 
essentiality of carbon dioxide is of course difficult to demonstrate in 
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modifying factors as oxygen tension. Only after these facts are knowii 
will it be possible to investigate the nature of the photoreceptor and ot 
the primary photochemical reaction. 

B. Ultraviolet Radiation 

The exposure of fungi to ultraviolet radiation has two main effects, 
mutation and death (Pomper and Atwood, 1955); conidia ot Erysiphe 
graminis lose the ability to initiate infection faster than the ability to 
germinate (Buxton et al, 1957). In general, the response of fungi is not 
qualitatively different from that of other microorganisms; most published 
action spectra, for example, show a maximum effect at about 265 m p., 
indicating that absorption by nucleoprotein is the primary event. More 
problems are raised by the shape of the survival curve — sigmoidal in 
many fungi but exponential in some. The most probable explanation for 
these differences is in the number of nuclei per spore: irradiation of 
uninucleate microspores of Neurospora crassa yields an exponential 
survival curve, but exposure of multinucleate macroconidia generates 
a family of sigmoidal curves in which the number of nuclei per spore 
determines the shape of the curve (Norman, 1951, 1954). That is, 
conidial inactivation is the result of nuclear inactivation, and a number 
of hits is required to inactivate a multinucleate spore. Correspondingly, 
the kinetics of photoreactivation show that reactivation of a single 
nucleus is sufficient to reactivate the spore. 

Although nuclear inactivation seems therefore to be the determining 
event in lethality, it does not follow that death can be equated with 
lethal mutation. Norman (1951) argues persuasively for a dual effect: 
lethal mutation and nongenetic damage to the nucleus. 

The effect of ultraviolet radiation on fungi is modified by environ- 
mental factors to a degree inconsistent with a simple target theory of 
action. Mutagenesis by ultraviolet, for example, is increased by pre- 
treatment with heat, 2, 4-dinitrophenol, or nitrogen mustard (Pomper 
and At\vood, 1955). Postirradiation treatment with high hydrostatic 
pressure reduces the recovery of mutants from irradiated Neurospora 
crassa populations, suggesting that the primary action of ultraviolet is 
the formation of a semistable intermediate which may either return to its 
original stale or be converted to a new, mutant state (McElroy and 
Swanson, 1931). Alternatively, of course, the influence of environmental 
factors may be construed as support for a theory of an indirect action 
of radiation on the spore, possibly through a photochemical reaction in 
tlie medium. However, it appears that at the biologically effective wavc- 
Icngtlis peroxide formation is not sufficient to explain the action of 
ultraviolet (Pomper and Ahvood, 1935). 
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a number of phenolic compounds, e.g., coumarin, vanillie acid, and 
protocatechuic acid, and several of these are stimulatory to germination 
(Van Sumere et al., 1957b). This stimulation of germination may, it is 
suggested, result from counteraction of a self-inhibitor. 

Two intraspecific reactions of adjacent germ tubes should be men- 
tioned; it will be obvious that the two may be in fact identical. First, 
the germ tubes of urediospores of Uromyces phaseoli grow somewhat 
faster when the spores are sown thickly than when they are sown thinly 
on an agar surface (Yanvood, 1956a). Second, the observation has been 
made repeatedly— the literature is reviewed by Stadler (1952)— that in 
dense suspensions germ tubes exhibit a negative tropism toward each 
other. In Rhizopus nigricans, germ tubes form on the side of the spore 
distant from other spores and bend away from other germ tubes during 
growth. The phenomenon occurs also in species of Mucor, Aspergillus, 
and Penicillium. 

A negative tropism can be interpreted as resulting from an increased 
rate of extension of the cell wall on the side proximal to the stimulus. 

It is for this reason that it was suggested above that a single growth 
factor may account both for self-stimulation of germ tube length and 
for the tropic response. However, Stadler (1952) presents some, although 
by no means conclusive, evidence that the negative tropism is not a 
reaction to a growth factor; instead, he postulates an unstable inhibitor 
which causes a thickening of the spore or germ tube wall and directs 
growth, therefore, away from the stimulus. It is to be hoped that further 
study of this problem will be undertaken. 

A factor in normal soils which inhibits germination of spores of many 
different fungi has received considerable attention; the literature has 
been reviewed by Hessayon (1953), Jackson (1958), and Garrett (1956). 
The nature of the substance is completely unknown; possibly, it should 
be classed as an antibiotic. It occurs in the upper layers only of the soil 
and is destroyed by autoclaving. Even rather small amounts of kno\vn 
nutrients or of various plant materials antagonize the inhibition and 
permit spore germination. More important, the effect of the inhibitor 
on Helminthosparium sativum is reduced in the presence of susceptible 
plants. Ecologically, this may therefore represent still another mech- 
anism by which spores are '"protected” from germinating until they are 
in an environment which will, by reason of the presence of nutrients 
or some host plants, support further growth. The finding that plant 
materials antagonize the factor has led Chinn and Ledingham (1957) 
to suggest a control measure for ffelmintliosporium sativum: if, in the 
absence of a suitable host, plant materials which overcome the inhibition 
are added to soil, the spores will germinate but fail to develop, since 
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comtjlex media and impossible to detect once metabolic production 
of carbon dioxide has begun. Inhibition by carbon dioxide ^ 
demonstrated (Gottlieb, 1950). but the mechanism ^ 7^ 

out- it is possible that specific factors operate when the inhibitory leve 
is low— 1% or so-and that inhibition by high carbon dioxide pressure 
is indirect, perhaps through effects on acidity or on oxygen supply. 


X. Some Effects of -niE Biolocicai, Envibonment 
Mucilaginous or other matrices in which spores are produced are 
believed to have some effect in prolonging their life under “^“S® ron- 
ditions, particularly during periods of desiccation (Gottlieb, 1950). e 
"honey dew” of Claviceps purpurea, suitably diluted, promotes the ger 
mination of the spores which are produced within it (Garay, 1956). 

It has been known for some time that spores germinate poorly if the 
suspension is too dense. In the past, the tendency was to ascribe t is, 
without investigation, to oxygen lack or to excessive carbon 
The phenomenon, now termed self-inhibition, has been studied critica y 
in several rusts (Allen, 1955; Yarwood, 1954, 1956a, b), both tn 
and on host leaves. Tlie substance (or substances) is volatile, hea 
stable, adsorbed or otherwise removed from solution by glass surfaces, 
and more efiective at high than at low pH. The material is produce 
by urediospores under aerobic conditions. There is some evidence, not 
yet conclusive, that urediospores of Pucclnia graminis irltici produce 
2-methyl*butene-2 (trimethylethylene), and it has been suggested that 
this may be the active inhibitor (Forsyth, 1955). 

Possibly analogous materials are produced by Aspergillus ntgcr 
(Krishnan et al., 1954) and by Coccomtjces hicmalis (Keitt et al., 1937), 
these appear, however, to be present in the spore at the time of its 
liberation and to be removable by washing. 

Self-inhibition has the obvious advantage that spores would tend not 
to germinate before dispersal, while crowded within the fruiting 
structure. 

Discovery of self-inhibition among the rust fungi may explain the 
earlier finding (Parkcr-Rhodes, 1939) that extracts of rusted leaves 
inhibit urcdiosporc germination; this was originally interpreted as some 
form of acquired immunity. However, the material in the extracts was 
reported to bo species-specific, whereas the volatile inhibitor appears to 
be the same in different rust fungi (Yarwood, 195Gb). 

Pclargonaldchydc (n-nonanal) is found in extracts of urediospores 
of Pr/ccinin graminis Irilici which have been allowed to autolyze; it is 
stimulator)' to urcdiosporc germination (French and Weintraub, 19a7). 
Paper chromatography of urediospores of this rust fungus demonstrates 
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this species can not maintain itself saprophytically. In effect this pro- 
cedure would reduce the inoculum potential of the pathoge 

It IS possible that the “rhizosphere effect”— the increase in grow 
microorganisms m the region dosely adjacent to plant ™ ^ 

related to the soil mhibitory factor and may represent an antagonism 
or counteraction of it (Jackson, 1957). A somewhat wider extension of 
this prmciple is suggested by the stimulatory effect of onion seedlmg 
roots on germination of the sclerotia of ScUrotmm cepworum (Coley 
Smith and Hickman. 1957). 
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I. iNTBODUCnON 

The phrase “the mechanical ability to breach the host barriers” im- 
plies the use of force by an invading organism during penetration. Under 
natural conditions it is most difficult to prove whether or not barriers 
have been altered by chemical action in advance of what appears to be 
mechanical penetration. Rigorous proof of purely mechanical activity by 
the parasite has only been obtained by observing the penetration of 
artificial membranes resistant to chemical secretions. Tliere is, however, 
good evidence that there are natural barriers which prevent the passage 
of a pathogen by physical means other than by opposing force. As an 
example, the hydrophobic surface of the intercellular spaces of plant 
tissues may provide a barrier to the rapid spread of bacteria by prevent- 
ing the formation of a continuous water film. Consequently, the defi- 
nition of a mechanical barrier is tahen here to be "a barrier wliich exerts 
a physical rather than a chemical effect in preventing the passage of a 
potential pathogen.” Only the effects of such a barrier may be visible 
Tlie spread of pathogens in the host ranges from sx-stemic infections, 
organ- or tissue-limited infections, to quite local attacks. In truly sx’s* 
203 
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11. The Mechanism of Penettration by Force 


Whether a pathogen is attracted to its host or not has long been a 
subject of study and speculation. There is no evidence as yet to suggest 
the existence of any such tropism in viruses, but motile bacterial species 
have been sho^vn to react chemotropically to a gradient of chemical 
substances. There have also been suggestions that root diffusates may 
have a tropic effect on nematodes in addition to effects on their hatching 
and emergence (Chitwood and Oteiga, 1952). But the evidence is not 
entirely convincing. However, Christie (1932), Linford (1942), and 
others have described nematode behavior which would suggest a posi- 
tive reaction to a thigmotropic stimulus, even if such was not their ac- 
tual conclusion. The author, using artificial membranes, has demon- 


strated that thigmotropism is an important, if not the major, factor in 
inducing adhesion to the host (Dickinson, 1959). It has been claimed 
that both positive and negative chemotropism can be demonstrated in 
fungi. The importance of positive chemotropism in host-pathogen rela- 
tionships results from the attraction of the latter up a chemical 
gradient” to its source in a suitable substrate. 

In the fungi, the two main Iropisms are hydrotropism and thigmo- 
tropism. Positive hydrotropism or growth along an increasing relative 
humidity gradient was demonstrated in FuccinUt gluTnorum by Balls 
(1905) and in Clodosporium by Bond (1938). It is now commonly ac- 
cepted that a contact tropism is involved in the penetration of many 
barriers, but what is not yet understood is its nature in host-pathogen 
relations, more particularly when the pathogen is an obligate parasite. 

Hawkins and Harvey (1919) have attempted to relate the force re- 
quired to penetrate to the osmotic pressure in the fungal hyphae. They 
clearly envisaged what is now called “elongation growth” (Frey- 
Wyssling, 1957). B^o^vn and Harvey (1927) considered that the inter- 
molecular forces active in the process of growth by intussusception (le., 
interpolation of new macromolecules) might be the means of exerting 
force at the earliest stages of penetration, the indentati^ of the cuticle. 
Later stages might weU be due to elongation growth. From the micro- 
scopic appearance of penetration many authors deduced the use of force 
by fungal pathogens. In their description of the 
parenchyma waUs by force, Leach (1923) Paddock ^ 

adduced the bending of the hypha in the cell as evidence of use of 
mechanical force. This is, however, not valid evidence. 
interpreted, as Nusbaum and Keitt (1938) did in 

as being due to elongation gro^vlh of the older part of a hypha, once its 
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temio diseases, the pathogen is usually latent until some nutritional and 
developmental change occurs in the host (e.g., Epichloe typhma) 
(Sampson, 1933). In the latent condition, E. Ujphina remains as a sparse 
intercellular mycelium spread throughout all but the roots of the host. 
In this condition there is no real barrier to such an intercellular pathogen, 
and its demands on the host are slight and cause no apparent defense 
reactions. In the reproductive stage, the hyphae not only force their way 
between the epidermal cells to the outside, but also invade the paren- 
chyma and xylem cells. This alteration in behavior is due to some 
nutritional change in the host together with the necessity for a higher 
plane of nutrition for the reproduction of the fungus. 

Macroscopically, internal barriers may often be identified from their 
characteristic effect on the symptoms (the striping of leaves in many 
cereal diseases, the angular leaf spots in dicotyledonous plants), an 
there are also instances of selective cortical or vascular invasions. Lack 
of penetrative force, or the absence of an effective cellulytic or lignolytic 
enzyme system, may prevent a pathogen from passing through fibrous 
or vascular tissues. This appears to be commonly found in organ- or 
tissue-limited infections and may also explain the limitation of infections 
to flower buds, root tips, or ovaries where only the young stage is 
susceptible, although this has still to be proved. 

Infection may be localized by the formation of suberized layers as a 
response to the pathogen. This has been well illustrated by Cunning- 
ham (1928), but he has also described examples of localized infection, 
with no visible barrier to the spread of the pathogen. Paddock (1953) 
has described a similar failure of an infection to develop following suc- 
cessful entry. 

The four groups of pathogens included here are the viruses, nema- 
todes, bacteria, and fungi. Each will be mentioned when the relevant 
barrier is discussed. Viruses are distinct from the other three in their 
purely intraprotoplasmic development; and they probably only enter a 
host tlirough wounds. Nematodes differ from the others by virtue of 
their relatively complex structure, for whose development a higher plane 
of nutrition is clearly essential. Tlicy possess a stylet which is sclf- 
cvidcntly a means of penetration by force. Bacterial action on host cell 
walls is entirely chemical. Tlicir rapid spread is dependent on a lo"’ 
viscositj' of the surrounding liquid. Such a liquid has a low angle of 
contact with the cell walls, and thereby can spread easily along the inter- 
cellular spaces. Tlic fungi, about which there is most information, Iia\c 
something in common with both nematodes and bacteria in their methods 
of breaching host harriers. 
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mainly concerned with penetration of the external host walls. Penetra- 
tion of the internal walls has similar features, but does not as a rule 
show — due to the absence of the cuticle — so much variation. 

In the fungi, after the hyphae have made contact with a suitable 
surface, some growth in close contact with it takes place. This is the 
start of what will become the appressorium. The amount of growth of 
hyphae in close contact with the host cell wall would appear to vary 
according to the host-pathogen complex, but more particularly with the 
angle of approach. With low angles of approach, a greater length of 
contact growth occurs but there may be no penetration. In fact, such 
hyphae have been observed to grow away from the surface (Leach, 
1923). With high angles of approach, the area of contact growth may 
be quite small but, other things being equal, penetration takes place. Ex- 
amples in which no appressorium has been observed will be discussed 
later. Originally, the close adhesion resulting from contact growth was 
thought to be due to the mucilaginous tip of the hyphae. Following the 
report of good adhesion of hyphal tips without mucilage, together with 
the cytological evidence of close adhesion between host and pathogen 
walls, ft is now believed that the adhesion is due to the intermolecular 
forces between two surfaces in close contact (Blackman, 1924), the 
contact being particularly close since one surface has g^o^vn in contact 
with and over the preexisting surface. 

Following contact and a halt to the further growth of the hypha, the 
“so-called” appressorium is formed. This is a part of the original h>pha 
with an increased diameter and its length dependent upon the angle of 
approach. In some species, e.g., PcJUcuIaria filamentosa, multiple ap- 
pressoria are formed (Kerr and Flenlje, 1957). By increase in diameter, 
an increase in the adherent area is obtained. With secure fastening at 
either end of the hypha, elongation growth may still continue, and so 
‘looping of the hypha” [as Nusbaum and Keitt (1933) named it] will 
then occur. Others have also illustrated the same phenomenon (Black- 
man and Weisford, 1916, Dey, 1919). 

The whole of the appressorial wall is now nonextendablc, and in due 
course a new growing point will normally arise in the ndlicrcnt area. 
Whv’ this should form as a rule within the adherent area is not jet 
kno^vn. For its formation to take place, a loosening of tlic original bond- 
ing of the crj'stalline macromoleculcs of the wall must take place, thus 
making that small part of the fungal wall plastic. In experiments using 
impenetrable membranes and the fungi Puccinia triticlna and Enjtip ic 
grominis, new growing points have been obscrx-cd appc.anng on the ojv 
posite side of the appressorium when the adhesion has Iwcn vcr>- good. 

On some surfaces. PuccMa irlticina has bean ohsen'od produemg three 
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base and apex were securely fastened. Hawkins and Haiwey (1919) and 
Paddock (1953) have described failure to penetrate with a low angle 
approach. This does appear to be possible, but it is negative evidence 
that force is required for penetration. A more satisfactory interpretation 
would be failure to get adhesion with such a low angle of approach an 
along a cellulose wall. The only really valid evidence of mechanical force 
being used before penetration of internal walls is where Leach ( I 
and Paddock (1953) have described the bending outward of a wall by 
a hyphal tip with a high angle of approach. This could only be ^ 
force exerted by the growing apex of the hypha in pushing against the 


wall. ^ • 1 * /1'c 

In discussing the breaching of host barriers, it is essential to i 
tinguish between that due solely to mechanical force and that due to 
chemical softening of the barrier, which the pathogen can then breach 
by the expenditure of little or no physical force. The three main soften- 
ing or solubilizing systems found in the fungi are the pectolytic, ce u- 
lytic, and lignolytic systems. The latter two systems are those found m 
wood rotting fungi. TOen only the cellulytic system is present, then the 
rotted timber is brown, when only the lignolytic is present it is white.^ 
The breaching of the cell wall barrier is intimately connected with its 
structure. The external layer, lining the intercellular spaces and between 
the cells (the middle lamella), is made up of peclates (largely calcium 
salts). Toward the lumen is the primary wall, with inward an increasing 
ratio of cellulose to pectic substances. The secondary wall lies within 
what in most parenchymatous cells is probably a pure cellulose layer. 
The cellulose in the walls is in the form of a crystalline microfibrillar 
(micellar) system, between the interstices of which may be deposited 
amorphous cellulose, cutin, suberin, lignin, etc. 

The ratio of crystalline to amorphous cellulose has an important 
bearing on its strength and elasticity. This ratio, as well as the crystalline 
orientation, may vary. Certainly, in general, tire crystalline orientation 
becomes more nearly parallel nearer the lumen. Impregnation with cutin 
or suberin in the amorphous matrix renders a wall largely impervious 
to water, while impregnation with lignin increases the tensile strength. 

Wfiien a pathogen passes through a host cell wall, whether external 
or internal, its structure undoubtedly affects the type of penetration. 
Tills will varj’ according to the ability of the pathogen’s enzyme to affect 
the whole, a part, or none of the layers of wall material. Hislologicm 
examination, together with a knowledge of the enzyme systems, can add 
considerably to the understanding of tlie processes involved in penetra- 
tion although its results may not be easily interpreted. 

Tlic following interpretation of passage by fungi and nematodes is 
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growing points equidistant from one another at the base of the cone of 
Se orfgLl hyphal tip. This is similar, except for 4e actrvatmg 
stimulus, to that observed by Kobertson (1958) in Fusarium. 

Only five descriptions or illustrations (Hassellring, 1906, Waterhouse, 
1921; Nusbaum, 1935; D’Oliveira, 1938; Dickinson, 1949a) have been 
found describing unsuccessful penetration. Hassellring (190 )^ an 
D’OUveira (1938) illustrated growth from within the center of a pore 
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FxG. 1. Complete adhesion between fungus and host wall. (Original.) 
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Fic. 2. Incomplete adhesion between fungus and host wall. (Original.) 




Fig. 3. Penetration failure by Gymnosporanglum juniperi-virginiana into old 
apple leaf. (Magnification: X 850.) (After Nusbaum, 1935.) 

in tile adherent area of the hypha and out from between the appres- 
sorium and the glass surface; presumably adhesion had failed. Nusbaum 
(1933) drew examples where adhesion had failed on a host leaf surface, 
and the young growing point continued as a fine “penetration” tube aris- 
ing within the pore. Many other observations have been made on t le 
presence of “pores” and it has been noticed that their diameter was 
greater than tliat of the penetration tube. Nusbaum and Kcitt (193 ) 
describing the entry of Venturia inaequalis into apple leaves, comment 
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mowing points equidistant from one anotlier at the base of the cone of 
Te orfginal hy^hal tip. This is similar, except for die activatmg 
stimulus, to that observed by Robertson (19o8) in Fusarmm. 

Only five descriptions or illustrations (Hassellring, 1906; Waterhous , 
1921; Nusbaum, 1935; D’Oliveira, 1938; Dickinson, 1949a) have been 
found describing unsuccessful penetration. Hassellring (1906)^ an^ 
D’Oliveira (1938) illustrated growth from within the center of a pore 
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Penetrotion^^tube apex 
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Fig. 1. Complete adhesion between fungus and host wall. (Original.) 
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Fig. 2. Incomplete adhesion between fungus and host wall. (Original.) 
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Fig. 3. Penetration failure by Gymnosporangium juniperi-vtrgtniana into old 
apple leaf. (Magnification X 850.) (After Nusbaum, 1935.) 

in the adherent area of the hypha and out from between the appres 
sorium and the glass surface; presumably adhesion had failed. Nusbaum 
(1935) drew examples where adhesion had failed on a host leaf surface, 
and the young growing point continued as a fine “penetration tube arts 
ing within the pore. Many other observations have been made on t e 
presence of “pores,” and it has been noticed that their diameter was 
greater than that of the penetration tube. Nusbaum and Keitt (19 / 

describing the entry of Venfuria inaequalis into apple leaves, commen 
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be likely to be lost. But if penetration is difficult, the growing point will 
separate the appressorial and host walls. For an example where adhesion 
is not completely broken see Figs. 1 and 2. This is a less extreme case 
than Nusbaums illustration (see Fig. 3). Under such conditions (see 
Fig. 2), with the adhesion beyond the ring round the pore still intact, 
indentation of the host wall could occur, just as well as indentation of 
the pathogen wall. The whole potential penetration would rest on the 

1 

Fig 10 Longitudinal section of wheal pericarp penetrated by Usiihgo 
tTitici with funnel at point of entry. (Magnification: X 1350 ) (After Batts, 1955.) 




Fi= H. Cutide penetrated by a small peg of Boirplb cfaeroo 
in subcuticular layer. (Magnification: X 1200 ) (After Blaclanan and Mebford, 

1916.) 

force due to the osmotic pressure of the fungus ercrcised on ll.c vcr>- 
small diameter of the potential penctralion tube. If such is the case 
then there is no need to evoke intussusception or any other sourre of 
power for penetration. It should be emphasized that this hj-polhcs.s 
depends upon the assumptions that (a) only the vep’ hno groiung 
point is plastic, (b) adhesion is on occasion partly or wholly lost. 

Uo diameter of the penetr-ation tube during ■<’ 
the cuticle has always been reported as very- fine (sec Figs. 4. C) 
ings of penetration after tl.c cuticle has been passed ' ' L 
penetration tube in the cuticle may increase m diameter (sec 
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on a "thickened” ring round the pore. Their illustrations (see Figs. 4, 5, 
6) show this area to cover nearly the whole of the adherent area. In 
both living Pucclnia triticina and Enjsiphc graminis, the writer observed 
a black ring surrounding the pore on artificial membranes. This black 
ring could be converted into a crescent form and back again to a ring 
by gentle movement of the lateral wall of the appressorium. It was de- 



Fio 8 Infection hypha of CoUetotrichum lindetnuikianutn swollen into s 
vesicle m the disorgani 2 ed cellulose layers. (Magnification: X 1500.) (After Dey» 
1919 ) 



Fig 9. Infection papilla of Erysvphe gramtnis in section with germ tube 
detached (Magnification. X 2000 ) (After Comer, 1935 ) 

duced that in this area adhesion was lost, and the black ring was due to 
diffraction (Dickinson, 1949b). It seems to the writer that, particularly 
in view of its clearly lenticular form, Nusbaum and Keitt s thickened 
ring was really an area where adhesion had temporarily, or permanently, 
been lost. It must also be noted that frequently adhesion is lost m 
cytological preparations. 

The new growing point, it is to be presumed, is the only plastic area, 
while the rest of the appressorial wall will remain nonextendable. If 
penetration of the underlying host wall is easy, then no adhesion ^vill 
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It is beL'eved that these variations in the original diameter of the 
penetration tube in the cuticle, as well as the increase in diameter in the 
pectin-cellulose layers of the wall depend (a) on the ratio of pectin to 
cellulose, (b) on the potentialities of the enzyme system of the pathogen, 
and (c) on the potential force the pathogen can exert. When an upright 
funnel is produced (Fig. 10), it is suggested that the wall layers with 



Fic. 14. Growth of infection hypha of Venturis tnaequalit directly Into the 
cuticle. (MagnificationJ X 1600.) (After Wiltshire, 1915.) 



Fic. 15. CeU waU penetration by Colletolr/chlum lindemuthhnum. (.Ma;:. 
nificaUon: x 1600.) (After Leach. I9S3,) 


a higher pecUn-cellulose ratio arc locally rendered very soft, while an 
inverted funnel form is produced by a less intense but more widespread 


softening and s\vcning. . .., . r 

Some observers have described penetration with no sign of appr«- 
sorium. Penetration witliout adhesinn cou d only > 

soft material. As long as force is required to ‘ 

must be some adhesion. Itov large this adherent region Ii-rs to be will 



212 


SYDNEY DICKINSON 


9, 10). The diameter o£ the tube during its passage through the pectm- 
c’ellulose layers usually increases considerably in diameter (Figs. J> 

13) but does not always do so (Fig. 15). There is a clearly marked difler- 
ence in outline between penetration in the smuts (Fig. 10), and that ui 



Fig 12 Hypha of Botrytis cmerea growing in the subcuticular layer of the 
epidermal wall (Magnification. X 1200) (After Blackman and Welsford, 1916.) 





Fig. 13 Infection hypha of Sclerotinta Uberitana has penetrated cuticle and 
IS formmg a vesicle (Magnification X 773 ) (After Boyle, 1921 ) 

Botrytis cmerea (Fig. 12). The former appears like an upright funnel, 
while the latter has the figure of an inverted funnel. Irregular variation 
in diameter has also been recorded (Fig. 14). An inverted funnel form 
was observed by Paddock (1953) in egress from the epidermal cell to 
the outside (Fig. 16). In this figure. Paddock included no cuticle, 
but his text and other figures indicate that it had been lifted off the 
epidermis. 
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Stylet extrusion. Following contact with a membrane, and in a reasonable 
depth of liquid, larvae moved freely along the surface and made attempts 
at adhesion by pushing the fused lips against the membrane. Contact 
between the fused lips and a hydrophobic surface led to adhesion by 
suction. After successful adhesion, the body was hoisted to a position 
vertical to the membrane. While the head remained stationary and fixed 
to the membrane, the rear part of the body swayed or rotated slowly 
round and round. This is reminiscent of the method of penetration by 
Schistosoma mansoni, a member of the allied group, Cestoda (Gordon 
and Griffiths, 1951). Stylet extrusion followed, and the membrane was 
seen to have been penetrated. Finally, as Linford (1937) observed, 
saliva was ejected. This was seen below the membrane. Linford (1942) 
described the passage of cell walls as being achieved by a combination 
of stylet penetration and cell wall dissolution by the saliva. Passage 
through membranes has been seen, but the actual effect of the saliva 
has not yet been determined. 

III. The Breaching of the Barriers 
In reviewing the available data on the breaching of barriers, a dis- 
tinction can obviously be made between those barriers which appear 
to be wholly or partly breached by force and those which are not 
breached by force. When an externa! barrier is breached, there is clearly 
a difference in the conditions outside and inside it. Such a difference 
does not necessarily apply to internal barriers. With external barriers, 
their permeability and solubility are of major significance. In internal 
barriers, the passive or active behavior of the host is of major importance. 
Barriers in the breaching of which force is used are few in number but 
with further research are likely to increase considerably. 

For the purposes of this text, barriers have been classified as follows: 

A. Barriers Breached Wholly, or in Part, by Force 

1. External Barriers 

a. Barrier Impermeable and Insoluble 

b. Barrier Impermeable but Soluble 

c. Barrier Apparently Permeable and Insoluble 

d. Barrier Apparently Permeable and Partly Soluble 

e. Barrier Due to Tensile Strength 

f. Barrier Having a Hydrophilic Surface 

2. Internal Barriers 

a. Preinfcclion Barrier 

b. Postinfcclion Barrier 

(1) Host active 

(2) Host passive 
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depend on the efficiency of the adhesion, tlie force required to penetrate 
the underlying cell wall, and the diameter of the apex of the penetration 
tube. With a high angle of approach and an epidermis covered by a thin 
cuticle, it is quite conceivable that only a small area of adhesion is 
necessary, and further that the plasticity of the original growing point 
could be maintained. If, in addition, the pectin-cellulose part of the wall 
was readily softened before or after the cuticle had been penetrated and 
the cuticle itself was elastic, it is more than likely for an adhesive area 
to be formed around the original growing point without any halt in 
growth. The result of tliis would be a reduction of plasticity at the 



Fig. 10. Egress tube o£ Helminthosporlum victonae fanning out as xt approached 
the outer part of the wall of an oat leaf hair. (Magnification: X 1500 approx ) 
(After Paddock, 1953 ) 

hyphal apex. As growth continued at the fine apex of the original grow- 
ing point, the cuticle being readily penetrated and elastic, the original 
difference in diameter between parent hypha and penetration tube — 
which marked the adhesive region — ^would result in the disappearance 
of most signs of an appressorium or adhesive region (see Fig. 10). 

In nematodes, as in the fungi, to achieve penetration by force, it is 
essential that there be some method of compensating for the equal and 
opposite back thrust to the applied force. This can be achieved by 
anchorage or adhesion. In nematodes attacking root tips, the hypothesis 
generally accepted has been that put forward by Linford (1942) in 
describing entry of the root rot nematode. He wrote “a larva thrusts its 
stylet chiefly when its body is so braced that it may hold its head firmly 
against a resistant surface.’' He made no mention of how such bracing 
was to be achieved. Since then, suggestions have been made that either 
tlie surface tension of the water film or the inertia of the soil particles 
adjacent to the larva might provide the required bracing. In an attempt 
(Dickinson, 1959) to find out how nematode larvae penetrate the outer 
cell wall of a root, drops of larval suspensions {Heterodera schachtU) 
were placed on cell wall imitations, e.g., membranes made of nitro- 
cellulose, etc. Three stages in penetration were observed, adhesion by 
suction, assumption of a vertical position, and finally penetration by 
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after adhesion to an epidermal cell of Geranium maculatum. This and 
his description suggest that he observed a stain reaction in the cell 
wall before he was able to see any penetration tube having passed 
through the cuticle. Such an observation must be treated with caution, 
but not only on account of its negative nature. Other evidence was pro- 
vided by Chaudhuri (1935) who claimed that — by staining methods — he 
had demonstrated the passage of some substance through the unper- 
forated cuticle, which affected the underlying cell wall. Paddock (1953), 
more recently, has shown clearly that with a strain of Helminthosporium 
victoriae on the oat variety Victoria the protoplasm o£ the epidermal cell 
was visibly affected some 12-18 hours before the pathogen passed 
through the cuticle and entered the cell. Finally, Kerr and Flentje 
(1957) have demonstrated that the penetration tubes of Pellicularia 
filamentosa were not formed unless there was a passage of some sub- 
stance from within the epidermis to the outside. They considered that 
there was an essential physical as well as chemical stimulus to penetra- 
tion. Brown (1922) showed clearly that when water drops were put on 
the outside of petals of various species, their conductivity was raised 
by the passage of electrolytes through the cuticle. Further, he showed 
that the germination of Botrytis cinerea might be raised or lowered in 
such water drops. Later work has suggested that passage through the 
cuticle either way is fairly strictly limited. W^iile, by chance, larger 
molecules may pass through a crack, normally, passage would be con- 
fined to crystalloids. 

With direct observation or by the use of stains these effects might 
be deduced to be due to pressure, after adhesion, on the host cell wall, 
instead of the passage of substances through the cuticle and outer 
epidermal wall. But Brown (1922) and Kerr and Flentje (1957) have 
both demonstrated the effect experimentally and consequently it would 
appear much more likely that passage of substances affecting the cell 
Wall or the protoplast occurs rather than a reaction to pressure. 

d. Barrier Apparently Permeable and Partly Soluble. Tliomas (1931), 
in his description of the entr>’ of the rhizomorph of ArmiUaria mcllca 
into the root of walnut, has remarked on an effect on the cells below the 
suberized coll layers before an> thing more than adlicsion bctuccn host 
and pathogen had occurred. As previously, here again there is the possi- 
hilih' that such an effect could be achieved by pressure after adhesion, 
nlthmigh Tliomass description does not suggest this interpret-ation. TI.err 
is also the likclv, but as vet undemonstrated, existence of crcsices m the 
suberized lavers— perhaps due to internal tissTio slrains-through uinch 
passage of substances capable of affecting the underlying host t.sstjc 
could pass Tlie subsequent dissolution of the sulxrized sv.as 
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B, Barriers Not Breached by Force 

1. Morphological Barrier 

2. Barrier Due to the Presence of a Hydrophobic Surface 

3. Barrier Due to Absorption of a Patliogen’s Enzyme System 

A. Barriers Breached Wholly, or in Part, by Force 
1. External Barriers 

a. Barrier Impermeable and Insoluble. The breaching of an im- 
permeable and insoluble barrier should cause no reaction, as determined 
by cytological or chemical tests, other than that of actual passage fol- 
lowing adhesion. The width of the outer epidermal wall should show 
no alteration in the neighborhood of the penetration. The diameter of 
the penetration tube should also not change from that of the actual apex 
of the tube. An alteration in diameter of the penetration tube on passing 
from the cutin to the pectin-cellulose ‘‘layers” of the wall would usually 
be considered as evidence of enzyme action. But it is not impossible that 
the tensile strength, resistance to deformation, etc. of the two “layers 
might be so different as to cause a change in diameter. If this were so, 
it would be expected to be accompanied by negative staining reactions 
in the cell wall. In general, it seems best to adopt a conservative view. 
While realizing the many possible examples in the literature, I suggest 
that the criteria required are only fulfilled in the passage of the sporidial 
penetration tubes of Puccinia graminis through the outer epidermal wall 
of the leaves of Berberis vulgaris (Waterhouse, 1921). Waterhouse ob- 
served no sign of any change in tlie diameter of the penetration tube. 
He could detect no staining reaction in either the cuticle or the pectin- 
cellulose part of the wall. 

b. Barrier Impermeable but Soluble. When breaching is accompanied 
by complete dissolution of the barrier, it would appear at first that force 
as such, was not concerned in the process. In both Phymatotrichutn 
omnivorum (Watkins, 1938a) and Endothia parasitica (Bramble, 1936) 
there is no evidence of effect on the cells within the barrier. The pene- 
tration is achieved by tangential growth through the barrier. Following 
the by-passing of a layer of suberized tissue, this loses its coherence and 
disintegrates. Such evidence suggests a cellulytic enzyme system. A most 
noteworthy feature of P. omnivorum is its wide host range, suggesting 
a mechanism of penetration capable of considerable variation together 
with catholic metabolic requirements. Comparison behveen the enzyme 
systems of it and E. parasitica should yield interesting results. 

c. Barrier Apparently Permeable and Insoluble. The first example so 
far found is that dra\vn by Grant Smith (1900) of Erysiphe communis 
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force required to penetrate potato tissue, both resistant and susceptible 
to Pythium debaryanum. The measurements were of the weight per unit 
area required to penetrate. In addition to demonstrating that resistant 
tubers required a greater weight per unit area for penetration than 
susceptible tubers, they also showed that there was no significant differ- 
ence in cell size, but that P. debaryanum grew more quickly tlirough 
susceptible tissue. They determined that the crude fiber content of 
resistant tubers was higher than in susceptible tubers. They ascribed 
the resistance in the tuber to be due to the fact that the osmotic pressure 
in the fungus was lower than that required to penetrate resistant tubers, 
but higher than that required for penetration of susceptible tubers. Sup- 
posing all their measurements and conclusions are correct, it has to be 
concluded that some softening of the cell walls took place, through 
enzyme action. Similar studies, but not in sucli detail, have been made 
by Rosenbaum and Sando (1920) using Macrosporiiim spp. on tomato 
fruits, and by Melander and Craigie (1927) with Puccinia graminis on 
various species of Berberis. Yoshi (1941) studied the resistance of rice 
to blast disease caused by Piricularia onjzae. He was able to show that 
resistance was proportional to the amount of nitrogen in the leaf. How- 
ever, he could find little or no correlation between resistance to P. 
oryzeae and toughness, as measured by force required to penetrate, of 
any given area of leaf. It would seem quite possible in view of the silica 
content that if he had measured the force required to deform, he would 
have found the correlation for which he was searching. 

It is probable that examples of entry limited to special organs would, 
if thoroughly investigated, be found to be due to the immaturity and 
consequent lack of tensile strength of the organ tissues involved. For 
example, in nature, Claviccps purpurea is limited to ovaries, Plasmodio-’ 
phora brassicoc to young roots or root hairs, Hcterodcra schachtH to 
young root apices, etc. Experimentally, there is found to bo no such 
limitation, although infection of all types of organs has not yet been 
demonstrated. 

A rather different example is that demonstrated by Newton and 
Brown (1934). They showed that the specific range of some rust species 
could be widely extended by in/ccting their uredospores into young 
growing points. Tliis is undoubtedly an example of imm.aturc tissues 
being more susceptible, but it is unlikely that it is due solely to tlic lou 
tensile strength of the tissues concerned. 

f. Barrier Having a Hydrophilic Surface, Root hairs have so far nc\cr 
been obscrx’cd to be entered by the lan-ac of nem.atodes. Tlicir 
said to be made up of c.ilcium peclatc and cellulose (Cormack. 1919), 
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described by Thomas as a gradual mass “sinking in” and passage throng 
the suberized layer. Subsequent to passage through the suberized layer 
individual hyphae grow out into the surrounding parenchyma. It is not 
known whether in fact A. mellea possesses a sufficiently strong cellu ytic 
system to at least soften or disrupt the suberized cell walls, and allow 
the amorphous suberin material itself to be pushed aside. This example 
is in contrast to the penetration by Phijmatotrichum omnworum and 
Endothia parasitica previously described, where tangential growth was 
the means of passage through the barrier, followed later by dis- 
integration. 

Before Brown’s work in 1915, careful examination had always been 
made for evidence of passage of substances toxic to the plant. Since the 
publication of Brown’s paper, it has been generally accepted that there 
is no passage of substances through the cuticle other than water o 
transpiration. In fact the evidence suggests the passage of crystalloids 
up to a certain molecular volume in either direction. The evidence for 
partial dissolution or softening of the barrier is usually that such ^ 
effect has taken place after the cuticle had been perforated. It is to be 
hoped that in the future, such evidence will be examined critically. But 
most observers (Blackman and Wellsford, 1916, Wiltshire, 1915, and 
others) do report an indentation of the outer epidermal wall. It is not 
known whether, following adhesion, there is passage of some substance 
which affects, to a small degree, the strength of the wall, thus allowing 
the indenting of the epidermal wall. These authors also cite frequent 
entry at a point above the anticlinal walls. 

Hansford (1946), in his examination of the foliicolous Ascomycetes, 
said of the family Chaetothyriaceae: “In some species sections cut trans- 
versely through the leaf show that the cuticle beneath some hyphae is 
somewhat swollen, and it is thus possible that some species at least 
absorb nourishment from the leaf by chemical action upon the host 
cuticle to render it permeable.” Again, in his description of Microcallis 
nuxiae (Doidge), Hansford has written “there is no penetration of the 
stomata, but in places the hyphae are very clearly attached to the 
cuticle, which appears to be partly dissolved, when detached from the 
leaf the mycelium leaves the lower walls of many cells adherent to the 
cuticle.” Hansford clearly envisages some erosion of the cuticle, even 
though in Microcallis, his evidence might be just the result of a high 
degree of adhesion. 

e. Barrier Due to Tensile Strength. Hawkins and Harvey (1919) 
were the first to test tlie tensile strength of barriers by means of a fine 
glass rod held at the end of a Joly spring balance. They measured the 
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b. Postinfection Barrier. In both (a) and (b), the start of the host 
reaction is the same, oiz.^ the swelling (sometimes very slight) and, in 
addition, the softening of the host wall in the neighborhood of the 
pathogen. In both, the success or failure of the pathogen to breach the 
barrier depends on the relative rate of its growth as compared to that 
of the barrier’s formation. Sometimes a complication is present in that, 
for a period, nutritional or chemical factors may reduce the rate of 
growth of the pathogen relative to that of the barriers formation. 

(i) Host reaction resulting in cell division. Both Cunningham (1928) 
and Wardlaw (1930) have described such host reactions in considerable 
detail, the former in leaf tissues, the latter in the cortex and vascular 
cylinder of banana rhizomes. In all eases, the essential Bnal result is the 
formation of an impervious and impenetrable barrier to the further 
progress of the pathogen. The successive features of the host reaction 
in parenchyma tissues are, first, the swelling of the walls. These cells then 
increase in volume and fill up the intercellular spaces. The walls of the 
cells adjacent to the swollen cells but further away from the pathogen 
become slightly suberized. Beyond them, the cells begin to divide form* 
ing a cambiform layer the walls of rvhich become suberized and form 
a cork layer at right angles to the path of the enzyme system diffusing 
from the pathogen. The original swellings of the walls were probably 
the result of a pectolytic enzyme system; coincident with this, there 
would be a softening of the walls. As a result, the wall pressure : osmotic 
pressure balance is altered and this accounts for the increase in the 
volume of the cells and consequent decrease in intercellular space. 
During this period, many of the fungi used by Cunningham were inter- 
cellular and necrosis was considerably delayed. When, however, the 
hyphae are intracellular, necrosis sets in early accompanied in many 
cases, as for example, Fusarium oxtjsporum f. etthense, by a blue-black 
color. The pathogen grows up to the suberized layer, and if this is com- 
plete before its arrival, then it is unable to breach the barrier. If, how- 
ever, as is usually the case in zonatc cankers, the barrier is incomplete, 
then the pathogen grows around the impervious parts, and continues its 
advance with a similar scries of reactions in the newly invaded tissues. 

In pathogens which have a «?lJnlytic cn^Tnc sj'stcm, the successive 
harriers are more readily breached. 

In the above circumstances, it will be readily appreci-ilcd how im- 
portant arc the rclativ’c r.atcs of crowth of the pathogen and form.ition 
of the barrier. Naturallv, such a balance is readily tilted one w.iy or the 
other bv the effect of’ relatively slight cnvironmcnl.al ch.mces on the 
host-pathogen complex, as well as in fl.c particul.ir cliamcteristics of the 
host or pathogen. 
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for the fused lips to complete an adhesion ring. Tliis woul pre 
suotton S exerted. In eker case, the suggested failure to enter root 
hairs by force would he due to a physical cause. 

2. Internal Barriers 

Once entry is achieved, there are still some preinfection barriers, 
which may either prevent or limit the spread of the pathogeri by 
reason of their impermeability, insolubility, or impenetrability, os 
infection barriers can prevent or limit the spread of the pathogen oy 
reason of their impermeability, etc., but are more easily classiHea 
according to the host reaction. The two classes consist of 
which there is active host reaction, new tissues being formed, (b) t ose 
in which there is passive host reaction not involving an increase m 
number of cells. ^ 

a. Preinfeefion Barrier. The endodermis is an impervious barrier 
existing in the host previous to infection. Pearson (1931), in describ^g 
the progress of Gihberella saubinetii (G. zeae), and Simmonds (1928), 
using Fusarium culmorum, observed the passage of the pathogen through 
the cortex to the endodermis In front of this layer of cells not only was 
there an increase in number of hyphae before the barrier was passed, 
but the parenchyma walls were more swollen. There were many fewer 
hyphae in the middle of the cortex, and the host walls were less swollen 
Finally, the hyphae passed through the endodermis via the passage cells, 
but in the meantime this had apparently acted as an impervious barrier, 
with a resultant increase in pectolylic enzyme concentration and pre- 
sumably, in consequence, an increase in wall swelling. 

Another type of a preinfeclion barrier is that described by Hart 
(1931). In the stems of some varieties of wheat, the chlorenchyma is 
enclosed by a longitudinal sclerencjhymatous sheath except toward the 
epidermis. The black stem rust pathogen does not penetrate this barrier 
and so is confined to the strips of chlorenchyma running up and down 
the stem. The failure of the pathogen to pass through such bands or 
sclerenchyma may well be due to the cellulose-lignin content of the cell 
walls which makes their tensile strength too high for penetration with- 
out some preliminary softening process. This the pathogen cannot do as 
it lacks the necessary cellulytic-lignolytic enzyme system. 
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Such swellings in parenchyma cell walls are probably due to pec- 
tolytic enzyme production by the pathogen — with, as a rule, its move- 
ment between the cells and not into the cells. Such a path combined 
with the rising ratio of cellulose to pectin toward the lumen enables 
most histological preparations to he understood. Paddock's description 
(1953) of the egress of the sporulating hyphae of Helminthosporium 
victoriae from the leaf makes it clear that the innermost cellulose layer 
was the least easily penetrated. 

Before considering such swellings as possible barriers, the question 
of their origin must be discussed. Does the original cell wall swell and 
consequently soften or, as many have suggested, is there new cell 
material deposited around or in advance of the pathogen’s penetration? 

A clear example of new wall layer deposition is in Moss’s (1926) 
description: first the maturation of the haustoria in Pucciniastnim spp., 
and then subsequent to maturation, the formation of host wall material 
around the mature haustoria^ with the presumably consequent degrada- 
tion of the haustoria. Most other examples of swelling, even those in 
powdery mildews (Smith, 1938), can be more readily interpreted as 
being due to swelling of either the pectate layer or of the cellulose- 
pectin substance layers in the cell wall. But the innermost cellulose layer 
cannot readily be penetrated without a cellulytic enzyme system, and as 
It is elastic, it is pushed in advance of the hyphal tip just as a finger may 
invaginate a rubber balloon. If with such an interpretation in mind, 
Batts* (1955) specimens are examined, ft will be seen that at the point 
where the appressorium for the passage of an internal wall is formed, 
there is a line which is the line of junction between the cellulose of the 
preceding penetrated wall, and that of the cell wall material which will 
become swollen. 

Undoubtedly, Young’s (1926) description of lignitubers suggested 
that in inappropriate host-pathogen complexes, such barriers could be 
successful. Further, Fellows’ (1928) description also suggested that such 
might sometimes be the case of Ophhbolus graminis in wheat. In gen- 
eral, it must be admitted tliat tlie process is less of a defensive mccii- 
anism and more of a local host reaction. Its relative frequency combined 
with the fact that there is undoubtedly an inextricable mixture of force 
and enzyme action, has hiade it essential for it to be dealt with in some 

detail in this chapter. i r tj i 

For the parallel phenomena in woody tissues, the work of Brooks 
and Brenchley (1931) may be cited. For infection by Slcrcum pur- 
purciim they showed that gummy material formed as a rcsxilt of en^TTic 
activitv on vascular elements was an effective barrier. Similarly. illison 
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The means o£ preventing entry through vascular tissues has been 
clearly described by Wardlaw (1930). The essential features are the 
formation of tyloses in the vessels and their subsequent lignification, 
prior to the arrival of the pathogen. Vessels may also be blocked by their 
collapse owing to the increase in volume of the neighboring xylem 
parenchyma followed again by lignification. This new barrier is im- 
penetrable, and is probably impermeable to the pathogen’s enzyme 
system. Breaching such a barrier again, only takes place by a change in 
the relative growth rate of pathogen and barrier formation, which are, of 
course, considerably dependent on environmental conditions. 

(ii) Host reactions not resulting in cell division. Here, where the host 
reaction is limited to some form of wall swelling, the prospects of suc- 
cessful barrier formation are much less satisfactory. The range and 
variety of wall swelling, principally in parenchyma tissues, is very 
great. In considering such swelling, the structure of the cell wall with 
its middle lamella and rising ratio of cellulose to pectin toward the 
lumen, must always be in mind. 

In Allen’s description (1927) of the attack of Puccinia triticina on 
Malakoff wheat she observed swelling of what appeared to be blocks 
of middle lamella (pectate) in the adjacent cell walls of the mesophyll 
at a considerable distance from the infection site. In contrast, in citrus 
melanose Bach and Wolf (1928) described the swelling to a gummy 
substance of the primary walls, with almost the occlusion of the lumen. 
In Venturia inaequalis, Marsh and Walker (1932) have recorded that in 
the stem, the lumen of the epidermis may be almost completely occluded. 
The solution of the middle lamella, and consequent lack of coherence 
between the epidermis and palUsade cells of the leaf, is a characteristic 
feature of silver leaf of fruit trees (Tetley, 1932). This observation is 
remarkable for it illustrates the distance which the enzyme travels and 
its persistence in the stem. 

The swelling may be more localized, as Batts (1955) has shown in 
his recent study of loose smut. Such hyphal sheathing by host wall 
material has long been known, but hitherto it has been thought of as a 
deposition of fresh wall material. The callosities (Young, 1926), now 
usually called lignitubers, formed around invading hyphae should be 
mentioned, as well as the observation (Fellows, 1928) that, locally, the 
middle lamella is very swollen Here, failure to breach the barrier has 
been recorded by Fellows (1928) and by Young (1926). The essential 
feature is the similarity to a local reaction as in the hyphal sheathing in 
smut pathogens, the difference being that as a rule the lignituber does 
not invaginate far into the cell. 
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spread by conidia is prevented. The mycelial spread is centrifugal from 
the points where the conidia lodge. In varieties of lucerne, e.g., Grimm, 
which are resistant to alfalfa wilt, caused by Corynebocterium insidiosum 
(Peltier and Schroeder, 1932), the septations of the vessels are incom- 
pletely dissolved away, and the xylem is more compact, with fewer 
intercellular spaces than that of the susceptible varieties. 

2. Barrier Due to the Presence of a Hydrophobic Surface 

The presence of wax on the surface of a leaf has been suggested as a 
resistance mechanism in plants. Such a surface, or for that matter a 
highly polished cuticle, makes the formation of a water film or the 
retention of a water drop, much more difficult than on a nonwaxy or un- 
polished cuticle. Such a difi^erence exists bet^veen pea and bean leaves, 
water films forming much more readily on the latter. Certainly, such a 
condition would reduce the opportunity for entry by pathogens requiring 
a water film. 

Such surfaces may produce their efifect by rendering exomosis into a 
water film less likely. Brown (1922), measuring the conductivity of 
water drops on leaves and petals, pointed out that there was always an 
air film between water drops and some petals like Rosa and Viola. It is 
probable that this had an actual effect on exosmosis, but whether such 
was sufficient to prevent attack by Bofryiis cinerea was not shown. 

Wingard (1941) grew an unnamed barley variety on soils ranging 
from normal garden soil to one with a 2% content of alkaline salts. He 
found that less rust infection took place on the plants grown in the 
alkaline soils, but that where infection did take place, it was very vig- 
orous. He used a spray of spore suspensions for inaoculation, and at- 
tributed the results to the greater bloom, due to wax, on the plants 
grown on the alkaline soil. This he suggested allowed a much greater 
run-off of water droplets and spores, than on the plants grown on garden 
soils. 

The hydrophobic surface which lines the intercellular spaces m 
plants provides much more convincing evidence that a hydrophobic 
surface does confer resistance. The presence of such a surface was 
clearly demonstrated by Lewis (1938), although earlier both Priestly 
(1943) and Ursprung (1925) shmved the presence of cutin in such cell 
walls, and Scott (1950) has suggested the presence of a layer of suberin 
lining the intercellular spaces. This hydrophobic surface of the inter- 
cellular spaces would affect the rate of spread of bacteria in them. 
This is supported by the work of Shaw (1934) on apple fire bhght. by 
Clayton (1936) and later Johnson et al (1940) on black fire of tobac^ 

All these authors showed that the inlemal humidit>', not merely the 
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(1931) observed gum material formed from preexisting coll walls to be 
penetrated by Cytospora sp by means of appressoria and penetration 
tubes 

B Barriers Not Breached by Force 
There is no external barrier when normal entry is through natural 
openings or wounds The hair covering of leaves would appear to be a 
self-evident protectant, but no proven examples have been recorded The 
architecture of the vessels, a morphological feature, has been correlated 
with some delay in the spread of a pathogen through the host The waxy 
hydrophobic covering of leaves has been considered as a potential 
method of disease escape The barrier achieved by absorption of the 
pathogen’s enzymes still requires more evidence before it can be fully 
accepted, )ust as the possible effect of the macromolecular configuration 
of the cell surface is at present a subject of investigation 

1 Morphological Barrier 

The presence of hairs on the surface of a resistant leaf as compared 
with a hairless surface of a susceptible leaf suggests itself as a self- 
evident example of a morphological barrier Tlic barrier's effect is either 
to ensure that the pathogen exhausts its food reserve before reaching a 
surface through which it can enter the leaf, or induces a microclimate 
which may be unsuitable for the pathogen No evidence of such cases 
has as yet been found proven in the literature Johnstone (1931) con 
sidered such a feature to be a possible resistance mechanism or barrier 
to an attack of apple scab 

A rough, as opposed to a smooth, surface might be considered to have 
some effect in as much as many fungi entering through the epideimis 
seem to penetrate opposite the anticlinal walls of the epidermis, as 
opposed to the central part of the outer epidermal wall of the cell 
Such a feature might also influence the entry of an eelworm larva m as 
much as entry is often reported as being opposite the anticlinal walls, 
that IS in the angle between two of the cells of tlie outer layer toward 
the root aspices 

More convincing evidence was found m examples where the archi 
lecture, particularly of the vessels influences the spread of the pathogen 
in the vascular system White oaks are more resistant than red oaks to 
oak V lit caused by ChaJara quercina (Young 1949) This, it is suggested, 
IS because the diameter of the vessels is smaller and occlusion by tyloses 
more frequent in the former than in the latter Varieties of sugar cane, 
resistant to the attack of Phtjsalospora tucumanensis (Edgerton, 1950) 
have the septations m the vessels intact and consequently the rapid 
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taken up as soon as the freshly cut surface is immersed in water and the 
half time of weight increase may well be as low as 30 minutes or more. 
The washing of the potato discs, or tissue, for 15 minutes was done to 
remove broken or injured cells (Brown 1915). Assuming this to have 
been done eflBciently, then an enzyme drop on the surface of such a 
tissue would be in contact almost entirely with the cellulose inner wall, 
and would be in contact with only a small amount of middle lamella 
pectate, and pectic substance in the actual cut cell walls. It should be 
remembered that an enzyme suspension cannot pass across a cell wall, 
but only along the pectate and pectin-cellulose parts of the wall after 
reacting upon it. The innermost cellulose wall layer excepting the 
plasmadesmata has always been believed to be impervious to all but 
crystalloids. 

Regarding the difference between the rotting in injected as compared 
with soaked tissues, there was a difference of 1 % or so in the water con- 
tent, and this may well have been due to only the former having the 
intercellular spaces HUed with water. The difference in rotting was about 
the same as that between soaked and washed tissues. 

No doubt the start of suberizaHon might well be delayed by the 
low O 2 tension in the injected tissues. But as the intercellular spaces of 
the soaked tissues were filled with air, the hydrophobic surface of these 
intercellular spaces would prevent the rapid spread of the suspcn^n 
through these tissues, in contrast to that in the inj'ected tissues. Tlie 
difference in amount of rotting between injected and soaked tissues 
could be due to a combination of low O. tension and easy spread of the 


suspension in the injected tissues. 

The other comparison to be made is that behveen tissues soaked 
under water for 6 hours and those washed for about 15 minutes. Between 
these two tissue conditions there was a large difference in water con en 
as well as in amount of rotting. The effect of a small amount of enzjanc 
suspension on both tissues would be that action on the Poc ote and 
pectin substance part would start, and such action 7" 
tinue in the soaked tissues. In the lower water content ^ ™ 

would be a greater demand by the suction pressure 
enzyme suspension could be expected to wi is an • ^ 

osmotic pressure. Consequently, the cn^-me it w fold 

become concentrated and dried up. In “''f ^ 

that rotting would develop on freshly xvashed '’7, .Z 

added periodically to counteract the dr}’mg.«P as hi" i 

which took place in spite of the relative hum.d.ty P" 
as possible. Addition of glucose or sucrose also preicnted do.n_ up. 
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water logging or water congestion o£ the leaves, was a major factor in 
det™Sngthe rapid spread of the pathogens. Under Ingh hum.dity 
conditions, perhaps together with a fall in temperature Mrophohic 
surface on occasion was unable to prevent a water film being formed. 
When such conditions occurred, after entry of bacteria through sto™a 
or wounds, they spread rapidly through the tissues. By artificial water 
congestion. Johnson (1937) enabled Bacterium angulahm ‘o 'vhch 
tobacco was normally lesistant. to spread rapidly through the leaf In 
addition other bacteria, even Escherichia coli, were able to attack a 


wide range of host leaves causing necrosis. _ t, . fUp 

The reason why such attacks do not normally take place is that tne 
high angle of contact between a water drop and a hydrophobic surface 
prevents the spread of the drops over the surface. Even though bacteria 
of many kinds may be found in storage tissues, spread is very slow or 
absent unless, or until, this hydrophobic surface effect is overcome. 


3. Barrier Due to Absorption of a Pathogen’s Enzyme System 

In 1915, Brown described the effect of placing a small amount of a 
suspension of enzyme extracts from Botrytis cinerea germ tubes on 
washed discs of freshly cut potato tubers. The volume of enzyme sus- 
pension was small relative to the area of the surface of the disc. T^ne 
relative humidity surrounding the discs was kept as high as possible 
Under such conditions, no rot developed. If, however, the discs wwe 
injected with water, complete rotting, i.e., lack of cohesion between the 
cells, took place. Later necrosis set in. Brown (1936) considered me 
freshly washed discs to be subturgid, and the injected ones turgid. He 
attributed the failure of rotting to develop on the subturgid tissue as 
being due to some type of inactivation of the enzyme system. The results 
of using Bacterium carotovorum and Pythium deharyanum and their 
enzyme extracts were different only in that the degree of attack on the 
freshly washed discs was not entirely negative. 

Gregg (1952) later showed that soaking the tuber tissue under water 
for 6 hours raised the water content almost to that of the injected tissue, 
but that the amount of rotting was much less. These results have been 
further investigated by Fernando and Stevenson, (1952), Gregg (1952) 
and others, while a general description of them was included in an 
address by Brown (1955). 

Only exceptionally are potato tubers in a fully turgid condition 
before cutting and washing, etc. The potential water uptake may be as 
much as 8% fresh weight or more while the intercellular spaces only 
occupy 1!S by volume of the potato tuber. Part of this is very rapidly 
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been deliberate It is hoped that it will not lead to controversy on paper 
but will stimulate further experimental work to test the validity of the 
suggested hypotheses 
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SO allowed some rot to develop. The enzyme suspension was apparently 
not completely inactivated until about 8 hours or more after the sus- 
pension had been put in place. 

The difference in water content or water absorptive capacity could, 
therefore, be the reason for the lack of rotting in the freshly washed as 
compared with the rotting in the soaked tissues. 

If this suggested absorption barrier is a correct interpretation of the 
detailed experiments by Brown (1915), Fernando and Stevenson (1952), 
Gregg (1952), etc., then it is not impossible that such a barrier might be 
acting in other host-pathogen complexes (Brown, 1955). Any likely 
complex would necessitate that rotting or lack of cohesion between the 
cells was a major symptom, together with an almost wholly intercellular 
pathogen and as direct a relation as possible with the water content of 
the tissues or with the relative humidity around the host tissues. A pos- 
sible example may be susceptible tomato plants attacked by Clado- 
sporium fulvum, which are readily infected between 90% relative hu- 
midity or over, and not easily infected at 75 to 80% relative humidity 
(Small, 1928). Bond (1936) has shown that some strains of the pathogen 
are almost entirely intercellular and that only slight, if any, necrosis 
develops at sporulation. Another intercellular pathogen, the parasitism 
of which has been suggested as being affected by water content, is 
Venturia inaequalis. Marsh and Walker (1932), when comparing the 
relative depth of penetration of the leaf and stem tissues, suggested that 
the greater depth of penetration in stems might be due to their higher 
water content. 


IV. Conclusion 

The breaching of the host’s barriers by physical means is one of the 
ways in which the disease resistance mechanism of a host is overcome. 
A disease resistance mechanism may be simple and physical in nature, 
as shown by Melander and Craigie (1927) in their study of the tensile 
strength of the outer walls of barberry species, or it may be simple and 
chemical in nature as in Walker’s (1923) demonstration of the effect 
on Collctotrichum circinans of protocatechuic acid, extracted from 
colored scales of onions. Other disease resistance mechanisms are more 
complex. It is likely that some of the complex disease resistance mechan- 
isms may consist of a chain of reactions, part physical and part chemical 
in nature. Tliese conclusions immediately raise the question whether the 
physical or static characteristics of the host, as compared with the 
chemical or dynamic ones, are altered less by environment and con- 
sequently of greater value in breeding for disease resistance. 

In this chapter there has been much speculation. This approach has 
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viride, but not of Fusarium culmorum and Helminthosporium sativum; 
susceptible plants produced only a trace of HCN. T. viride is antagon- 
istic to many fungi in acid soils, and resistance was in part attributed 
to the enhanced activity of this fungus in the rhizosphere. 

Similar results have been obtained with a number of other host- 
pathogen combinations and in each it is possible that the host, by stimu- 
lating growth of one or more antagonists, creates a barrier to infection 
at the root surface. The ability of a pathogen to overcome this barrier 
rests in its capacity to grow in the face of this antagonism. When 
antagonism depends on the secretion of an antibiotic, something often 
suggested but not yet proven conclusively, organisms not afFected by 
thi^ barrier are those insensitive to the antibiotic produced. 

Root secretions may also affect pathogens more directly. This was 
sho\vn by Buxton (1957) with varieties of peas differing in their sus- 
ceptibilities to different races of Fusarium oxtjsporum f. pisi. Exudates 
from the roots of one variety reduce the germination of spores of a race 
only weaWy pathogenic to the variety, but have far less effect on the 
spores of virulent races. The substances secreted do not greatly affect 
hyphal growth and do not prevent germination entirely; their significmce 
as barriers to infection, therefore, remains to be assessed. Clearly, how- 
ever, they and similar substances, could be important when spore 
germination is reduced for other reasons; under such conditions they 
could prevent infection by inhibiting germination. 

At the intact surface of the shoot the variety and amount o m^er a 
of host origin is probably far less than on surfaces of ^ 

because thf cuticle is relatively impeimeable, 
responding to the dead outer tissues of roms 
deposits I periodically ” 

shoot surfaces cairy “ „„ „ots but under the sub- 

likely to be as active surfaces of shoots, secretions by 

optimal conditions for growth at l u , rrmwth of the 

the saprophytic flora might reduce substantially the groutli of 

pathogen. reduced or prevented bv substances 

Growth of pathogens may also P showed that 

of host origin present at the s«r a» oncm«^^ 

certain varieties of Ciccr arwtinu -HuJuhr hairs per unit area, 

sphacrcJla rabei because they add to reduce spore 

and because these hairs secrete ' varieties of onion 

germination and h>phal ?™'' ' cottoo.-ric/iinn circiiians, because the 

resist attack by the weak parasit , ■ , diffusing to the surface of 

dead cells contain protocatcchuic acid , 9 : 9 ). 

the outer scales, prevents spore germination (^\ aller 
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the total of these properties is resistance to disease. If a microorganism 
invades a plant and continues to grow in the tissues, it must be assumed 
either that it is unaffected by the barriers which exist for other micro- 
organisms, or that it possesses mechanisms which make these barriers 
ineffective. Some barriers can be recognized with a reasonable degree 
of certainty, and where this is so, it is generally not difficult to show 
whether or not a particular microorganism possesses the ability to over- 
come them, and does so under natural conditions. Thus, it is reasonable 
to suppose that cell walls form barriers to the movement of bacteria 
through plant tissues so that an ability to degrade essential components 
of cell walls will be a factor determining pathogenicity. More often, 
however, the properties of tissues which prevent establishment and 
growth of an organism arc more subtle in character, and only in a few 
instances have they been recognized. It follows that correspondingly 
little is known about the properties which enable some microorganisms 
to produce diseases in such tissues. 

Clearly, the subject of this paper encompasses much of what is 
known about the physiology of infection of plants by fungi and bacteria. 
Because of this it will be dealt with in general terms. 

II. Activity or the Pathogen at the Surface or the Plant 

A. Efjcct of Substances Secreted by the Host 

Before invasion, a pathogen at the surface of a plant is in an environ- 
ment which may be modified substantially by the plant itself. Tlie in- 
fluence of plant roots in this way was recognized by Hiltncr (1901) who 
introduced the term rhizosphere for the part of the soil modified by the 
roots. Many people have since shown that secretions from roots, or 
sloughcd-off parts of roots, can alter, quantatively and qualitatively, the 
flora at and near the root surface. Such effects depend on the plant 
species, age of the plant, and the conditions in which it is growing, and. 
it is not clifiicult to envisage how these effects could alter the activity 
of a pathogen. Tluis, the flora of the rhizosphere may be changed to a 
type in which the pathogen is less likely to grow and multiply* as 
described for varieties of flax and tobacco having different suscepli* 
bilitics to rnsariurTi ori/s/jorum f. lint, and Thtclaviopsls haslcola, respec- 
tively (Timonin. 1910, Lochiicad ct al, 1940). The rhi/ospheres of 
resist.inl varieties contain a greater number of organisms, and these 
organisms arc different from those in the rhizospheres of susceptible 
varieties. Timonin (1911) also showed that solutions in wliicli roots of 
a resistant variety of flax had grow-n contained 25 to 37 mg. IICN pc*" 
plant grown, and supported relatively good growth of Trtchoclcrma 
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roots. Kerr and Flentje (1957) also found that the formation of infection 
cushions on radish roots is stimulated by substances diffusing to the 
surface from the underlying cells, and that only the radish strain re- 
sponds to these substances. This is not the only stimulus because cushions 
are not formed when h)/phae were in contact with cortical cells exposed 
by removal of the epidermis. On the living host it was postulated that 
contact with the cuticle as well as specific substances condition the 
formation of cushions. In contrast, Shepherd (1957) found no evidence 
that crucifer and lettuce strains are stimulated chemically, and con- 
sidered that the stimulus is connected with the structure of the cuticle 
citing the findings of Mueller et al, (1954) that the cuticular surface 
differs greatly in different species. 

Clearly, the responses leading to cushion formation, and, therefore, 
to infection, may differ for different host-paiasite combinations even for 
a single species of pathogen. When chemical stimuli are necessarj% the 
ability of a pathogen to infect will depend on its ability to respond by 
the formation of cushions, and if the response is specific it has a certain 
survival value because only plants which the pathogen could parasitize 
are invaded. 


III. Penetration’ of Intact Surfaces 
A. Nature of the Cuticle 

The epidermis of the shoot system, but not of roots, is covered by 
a well-defined layer, the cuticle, through rvhich the infection hyphae of 
many pathogens have to pass before living cells o t e os are • 

In plants in which it is well developed, the cuticle has a re at.vely com- 
plex nature consisting of a framework of cutm in a matrix of wa^ 
materials which are extruded as a mass of rodlets on outside On tl^ 
inside, the cuticle merges into a layer o f of Ac 

inward becomes the matrix for the cellulose of ho 
epidermal cell. The wa.xy substances of ‘'«= ‘ 

higher alcohols and sometimes the comain^ 

acids arc also present, particularly in . S outer- 

polymerized dicarbox>dic and “^Hhc most oxidized and 

most layer of the cuticle is of wax. A cuticle 

polymerized and to contain the h gh t cl.emic.ally verx’ 

covers all aerial parts of 5 „rfoccs of mcsophyll cells, and 

similar have been identified on ,I,e air spaces. In carefully 

on the inner wails of the ^ „.all j, often seen to he traversed 

prepared sections, the outer cP'* ' su.cgcstcd th.it these 

hy a scries of ver\' fine parallel n » 
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It has been shown recently diat the washings from the surface of 
leaves from eleven of fourteen tree species contain substances which 
reduce the germination of Botrytis cinerea spores (Topps and Wain, 
1957), and that substances excreted from a number of other plants 
stimulate or reduce the germination of spores of Botrytis cinerea, As- 
cochyta pisi, and Puccinia triticma (Kovacs and Szebke, 1956). Rather 
surprisingly, B. cinerea, the least specialized of these pathogens, is most 
affected. Under natural conditions, substances such as these might 
accumulate and reach significant concentrations in films of moisture 
in which spores would germinate, particularly if they are excreted 
continuously. 

In these and other examples, the ability of a particular pathogen to 
overcome the barrier which exists at the surface rests in its ability to 
grow in the presence of substances which reduce or prevent the growth 
of other organisms potentially pathogenic. 

B. Formative Effects at the Surfaces of Plants 
Tile question now arises as to whether or not plants secrete sub- 
stances which in some way stimulate the germ tubes of spores to begin 
the process of infection. If such substances are present, the ability of a 
particular microorganism to infect a plant would depend on its ability 
to respond to them. Brown (1936) concluded that the stimulus to form 
appressoria and to penetrate the host is provided by the surface and is 
essentially nonspecific, and more recently Dickinson (1949) and others 
have emphasized the importance of the contact stimulus to obligate 
parasites. At present, there is no good evidence that the formation of 
appressoria, or other simple structures is conditioned by specific sub- 
stances produced by the host plant. This is not to say that chemical 
factors have no influence in a more general way because Van Burgh 
(1950) has shown that nutrients stimulate formation of appressoria by 
CoUctotrichum phomoides and Goode (1956) has sho\vn that zoospores 
of PhytopJifhora fragariae encyst on living or dead roots of susceptible 
and resistant plants, but not on fine glass rods. 

The relatively complex infection organs formed by some soil-home 
pathogens have been little studied from the above point of view, but 
recently the stimuli affecting production of infection cushions by JlhiZ' 
octonia solani have been investigated. Tlicse structures consist of o 
roughly hemispherical mass of hj'phac with the hyphal tips in contact 
with the cuticle. Kerr (1936) enclosed roots of radish, lettuce, and 
tomato seedlings in cellophane bags in soil infested with 71. solani, and 
found th.it structures resembling infection cushions were formed on iho 
surface of the cellophane enclosing radish or lettuce, but not tom.ilo 
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device (Melander and Craigie, 1927). More generally, the structures 
produced by germ tubes seem to be particularly well adapted for mech- 
anical penetration. They become attached to the cuticle by a mucilagin- 
ous sbeatli, are often modified to increase tlie surface in contact with the 
cuticle, and the tlirust on the attached hypha is reduced by the fineness 
of the infection thread, the diameter of which is often near the limits 
of resolution of the ordinary light microscope (Nusbaum and Keitt, 
1938). No one has demonstrated that plant pathogens are able to de- 
grade the cuticle chemically, but apparently plant pathologists have not 
made serious attempts to obtain fungal preparations able to do this. 
It is clear that cuticular materials returned to the soil are degraded by 
microorganisms; it should not he too difficult to isolate such organisms 
by enrichment techniques. 

In the light of such evidence the view has been taken (Brown, 1936) 
that chemical degradation plays no part in the penetration of the cuticle 
by fungi. Against this view is certain cytological evidence for degrada- 
tion. The fungus Venturia tnaegualis is particularly suitable for this type 
of study because in the early stages of infection it is confined between 
the cuticle and the cellulosic part of the epidermal wall. Wiltshire (1915) 
stated that the cuticle is always thinner above hyphae and that fte 
hyphae grow in the cuticle; this was taken as evidence for the degrada- 
tion of cuticle, but Nusbaum and Keitt (1938) did not confirm this. 
Chaudhuri (1935) has also claimed that the germinating spores of 
Colletotrichum gloeosporioides degrade the cuticle of orange leaves, but 
here, too, the evidence is indirect and not conclusive. In studies such 
as these it is clearly important to distinguish between growth m and 
degradation of the cuticle itself and growth in the layers immediately 
beneath, which contain materials known to e egra e y many 


At pmsent, therefore, the evidence is that penetration of the cuticle 
is mechanical and does not depend on substances produced by the 
hyphae of invading organisms. The fact that p ant pathogens do no 
degrade one of the most important barriers 
of Interesting questions, and, in particular, why an 
to do this hasLt been evolved. It is possible that as ong as the fun^ 
is able to penetrate the plant by other 

degrading enzymes might be ^ot be confined 

were thin, because the action of tliese en^ie ^ 

to the point of “7; 7*7’™ feafSace to water and expose the 
destroy the impermeability of the lea oIcq nrovide a 

young hyphae "of the pathogen ^ J“"i7rly baet^^^^^^^^ 
pomt of entry for secondary invaders, p 
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are the channels along which the materials which form the cuticle 
migrate to the exterior They will be referred to later because they might 
have special significance in the process of infection 

Because of technical difficulties, much less is known about the nature 
of thinner cuticles which are the type most often penetrated by patho 
gens, m the following discussion it will be assumed that essentially they 
are as described above 

B Penetration of the Cuticle 

The penetration of the cuticle and outer wall of the epidermis by 
germ tubes coming from fungal spores has been studied m great detail 
by many workers Particularly clear descriptions are available for almond 
leaves and Clasterosporium carpophtlum (Samuel, 1927), apple and pear 
leaves and Venturia inaeqiiahs and V pinna (Wiltshire, 1915, Nusbaum 
and Keitt, 1938), Vicia faba and Botrytis cinerea (Blackman and 
Welsford, 1916), potato leaves and Phytophthora infestans (Pnstou and 
Gallegly 1954) among many others The essentials of the process are 
similar m each The germ tube becomes attached m some way to the 
cuticle, a flattened structure, the appressonum, also adherent to the 
surface, is formed by some fungi, and from this, or the germ tube, arises 
a small protuberance which grows into a style like structure This grows 
normally to the surface and penetrates the cuticle as an infection thread 
After passing through the cuticle, and the outer layer of the epidermal 
wall, the mfection thread increases m diameter to that of normal hyphae 
At this stage, the barrier presented by the cuticle has been pissed 

The aspect of this process which has attracted the attention of 
pathologists for many years is whether or not penetration of the cuticle 
and culicularized layer of the epidermal wall depends on or is faciU 
tated by, substances produced by the pathogen Other\vise, penetration 
must be wholly mechanical Some of the facts relevant to this problem 
are as follows The germ tubes of many fungi are able to penetrate intact 
films of maternls such as paraffin wax, collodion, or gold where it can be 
assumed that chemical degradation plays no part There is no penetration 
if such films exceed a certain thickness, hardness, or both Also, Brown 
and Har\cj (1927) showed that the epidermis of leaves of Cttcharis 
spp IS penetrated readily if the leaf was plasmolyzed, but not othciaMSC, 
this IS not casiK understood if the cuticle is degraded chemically Young 
lca^cs arc more rcadih penetrated by many pathogens than are old 
lca%cs in which the cuticle is thicker and touglier, and it has been sho^vn 
that the resistance of leaves of Berberts spp to attack by the basidio 
spores of Pucclnia grnminis is posilivch correlated with the resistance 
of the cuticle and outer epidermal wall to penetration by a mechanical 
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C. Behavior of Wound Parasites 

A number of weak pathogens unable to penetrate unbroken cuticular- 
ized surfaces are able to parasitize the tissues beneath after entering 
through wounds. This is not necessarily because the spores do not grow 
at the surface because often there is no penetration even if the fungus 
is provided with nutrients which will ensure such growth. This means 
that these fungi lack the ability to produce the infection mechanisms 
produced by many of the shoot infecting fungi. They should, therefore, 
be unable to penetrate nonliving membranes. No systematic study along 
these lines seems to have been made, although the weak pathogens 
Penicillium gjnucum and Bhizopus nigricans are less eflBcient in this 
respect than Botrytis cinerea which readily enters undamaged tissue 
(Brown and Harvey, 1927). 

IV. Invasion of Undifferentiated Cells 
Under thi^q heading will be considered the invasion of cells having 
living protoplasts and thin, undifferentiated cell walls, i.e., epidermal 
cells of roots and of shoots within the cuticle, mesophyll cells of leaves, 
and parenchyma which is exposed naturally or has become exposed by 
wounding. Because it presents special features, the behavior of obligate 
parasites will be considered first. 


A. Obligate Parasites 

The characteristic feature of the obligate parasite for this discussion 
is that, living on plant tissue, this type of parasite grows and multiplies 
only when associated with living cells of an appropriate host. If the host 
tissue is killed, death of the vegetative hyphae of the parasite toUows 
quickly. In this way one distinguishes these parasites from fungi such 
as Phytophthora infestans which may not kill parasitized cells tor some 
time, but which can also live on dead cells. , „ ■ , ...,,1 

A few obligate parasites are wholly intracelluto or wholly mter« - 
lular, but the majority are inter- or extracellular ivith short side tranche , 
the haustoria, which penetrate the host cell. Haustom are . , 

of obligate parasites, but are also found in a number of 
fungi. Biey are formed in much the same way as are “ 

which penmate the cuticle of the shoot. Little is known about the fac- 
tors which affect their formation, and how they , , 

Once established, the hyphae of oblipte parasUes ^ 

between cells. This could be done mechanica y, facilitated by 

gests that growth of rust hyphae betavoen cells may be facilitated b> 
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although unable to penetrate the intact cuticle, might be able to com- 
pete successfully with the primary pathogen at the surface of tissues 
underneath. 

The fact that a fungus has the mechanical ability to penetrate the 
cuticle of a particular plant does not mean necessarily that it will do so 
because in ways already described the underlying cells might influence 
conditions in the surface film of water in which the fungus is growing 
There may also be present in the cuticle substances which affect the 
growth of infecting hyphae. Martin et al. (1957) extracted from the 
ether washings of apple leaves a number of substances which, applied 
as sprays to apple leaves, prevented or reduced the germination of 
spores of Fodosphaera leucotricha; some of these substances were also 
effective against Botrytis fabae on Vida faba. How widespread such 
substances are in plants, and how effective they are in preventing in- 
fection remains to be determined. Unless there are such substances on 
or in the cuticle, and because tiie cuticle of many species of plants will 
be of the same order of hardness and thickness, it must be assumed that 
fungal hyphae often penetrate plants which they are unable to para- 
sitize. There is little information on how often this happens because 
evidence of this sort is seldom looked for, and is not easily obtained. 
Johnson (1932) has, however, pointed out that Colletotrlchiim drcina^t 
commonly thought to be typically a parasite of Allium spp , penetrates 
the leaves of a number of other species under greenhouse conditions, 
and Webb (1949) has shown that Flasmodiophora brassicae, regarded 
as a very specialized parasite confined to the Cruciferae, gets into the 
root hairs of plants belonging to a number of other families. 

Before leaving this subject it must be pointed out that knowledge 
of the structure of the cuticle is still relatively limited and that no 
studies of penetration have been made with the techniques which have 
become available during the past few years. It is commonly supposed 
that the cuticle forms a continuous, relatively impermeable layer over 
the whole of the shoot. But Roberts ct al (1949) has shown that channels 
containing pectic substances traverse the cuticle of apple leaves. These 
channels are visible by ordinary light. The question arises as to whether 
or not there are much finer channels from the outside to the non- 
cuticularized part of the epidermal wall. If there are, and if they arc 
occupied hy materials easily hydrolyzed by fungi, penetration could be 
accomplished chemically. The probability that this happens is not high, 
hut it must be remembered that the infection hyphae of some fungi arc 
extremely fine and arc, indeed, at the limit of resolution with ordinar)' 
light. 
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C. Behavior of Wound Parasites 

A number of weak pathogens unable to penetrate unbroken cuticular- 
ized surfaces are able to parasitize the tissues beneath after entering 
through wounds. This is not necessarily because the spores do not grow 
at the surface because often there is no penetration even if the fungus 
is provided with nutrients which will ensure such growth. This means 
that these fungi lack the ability to produce the infection mechanisms 
produced by many of the shoot infecting fungi. They should, therefore, 
be unable to penetrate nonliving membranes. No systematic study along 
these lines seems to have been made, although the weak pathogens 
Penicillium glaucum and BJiizopus nigricans are less eflBcient in this 
respect than Botrytis cinerea which readily enters undamaged tissue 
(Brown and Harvey, 1927). 

IV. Invasion of Undifferentiated Cells 
Under this heading will be considered the invasion of cells having 
living protoplasts and thin, undifferentiated cell walls, i.e., epidermal 
cells of roots and of shoots within the cuticle, mesophyll cells of leaves, 
and parenchyma which is exposed naturally or has become exposed by 
wounding. Because it presents special features, the behavior of obh’gate 
parasites will be considered first 

A. Obligate Parasites 

The characteristic feature of the obligate parasite for this discussion 
is that, living on plant tissue, this type of parasite grows and multiplies 
only when associated with living cells of an appropriate host. If the host 
tissue is killed, death of the vegetative hyphae of the parasite follows 
quickly. In this way one distinguishes these parasites from fungi such 
as Phytophthora infestans which may not kill parasitized cells for some 
time, but which can also live on dead cells. 

A few obligate parasites are wholly intracellular or ^vholJy intercel- 
lular, but the majority are inter- or extracellular with short side branches, 
the haustoria, which penetrate the host cell. Haustoria are characteristic 
of obligate parasites, but are also found in a number of other specialized 
fungi. They are formed in much the same way as are infection threads 
which penetrate the cuticle of the shoot Little is knowTi about the fac- 
tors which affect their formation, and how they funcb’on. 

Once established, the hyphae of obligate parasites often grow freely 
between cells. This could be done mechanically, but recent work sug- 
gests that growth of rust hyphae between cells may be facilitated by 
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although unable to penetrate the intact cuticle, might be able to com- 
pete successfully with the primary pathogen at the surface of tissues 
underneath. 

The fact that a fungus has the mechanical ability to penetrate the 
cuticle of a particular plant does not mean necessarily that it will do so 
because in ways already described the underlying cells might influence 
conditions in the surface film of water in which the fungus is growing 
There may also be present in the cuticle substances which affect the 
growth of infecting hyphae. Martin et al. (1957) extracted from the 
ether washings of apple leaves a number of substances which, applied 
as sprays to apple leaves, prevented or reduced the germination of 
spores of Podosphaera leucotricha; some of these substances were also 
effective against Botrytis fahae on Vicia faba. How widespread such 
substances are in plants, and how effective they are in preventing in- 
fection remains to be determined. Unless there are such substances on 
or in the cuticle, and because the cuticle of many species of plants will 
be of the same order of hardness and thickness, it must be assumed that 
fungal hyphae often penetrate plants which they are unable to para- 
sitize. There is little information on how often this happens because 
evidence of this sort is seldom looked for, and is not easily obtained. 
Johnson (1932) has, however, pointed out that Colletotrichum circincns, 
commonly thought to be typically a parasite of Allium spp., penetrates 
the leaves of a number of other species under greenhouse conditions, 
and Webb (1949) has shown that Plasmodiopliora hrassicae, regarded 
as a very specialized parasite confined to the Cruciferae, gets into the 
root hairs of plants belonging to a number of other families. 

Before leaving this subject it must be pointed out that knowledge 
of the structure of the cuticle is still relatively limited and that no 
studies of penetration have been made with the techniques which have 
become available during the past few years. It is commonly supposed 
that the cuticle forms a continuous, relatively impermeable layer over 
the whole of the shoot. But Roberts cf al. (1949) has shown that channels 
containing pectic substances traverse the cuticle of apple leaves. These 
channels are visible by ordinary light. The question arises as to whcllicr 
or not there arc much finer channels from the outside to ific non- 
cuticularizcd part of the epidermal wall. If there are, and if they are 
occupied by materials easily hydrolyzed by fungi, penetration could be 
accomplished chemically. The probabilitj' that this happens is not higli- 
but it must be remembered that the infection hyphae of some funci af® 
extremely fine and arc, indeed, at the limit of resolution with ordinaiy 
light. 
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from host cells without killing them. This is not to say that the metab- 
olism of the invaded cell, and neighboring cells, is not altered. There is, 
in fact, much good evidence that it is substantially changed in ways 
which will be described later. Sooner or later, these changes affect host 
cells because the benign relationship between host and pathogen comes 
to an end. Then there begins a series of degradative changes ending in 
the death of the cell, not, however, before the pathogen has grown 


extensively and sporulated. 

The barrier to infection presented by a plant resistant to an obligate 
parasite is, therefore, the susceptibility of the cytoplasm of the host cell 
to the metabolic products of the fungal cell living in close association 
with it, in the case of fungi such as PldSTnodiophofo hvdssicciB, in the 
cytoplasm itself. It is not difficult to see how such barriers could arise, 
but it is more difficult to envisage how obligate parasites overcome them, 
particularly because the balance between compatible and incompatible 
relationships is often so delicate and liable to be upset by slight changes 
in the metabolic state of the host. The nature of these relationships, 
especially where the cytoplasm of pathogen and host is not separated 
by any easily visible barrier, presents one of the most baffling and chal- 
lenging problems in pathology. 

Although not obligate parasites in the strict sense, the smut iungi 
have some interesting features in this connection. Typically, but not 
always, a seedling is infected and hyphae with haustoria become dis- 
tributed throughout the entire host The growth of the host is not 
greatly affected, and there are no obvious deleterious effects on host 
cells next to hyphae. At this stage, the parasitism of the smuts depends 
upon an ability to live compatibly with host cells. But this relationship 
is broken later because in ways characteristic for different diseases, a 
large part of the host tissue is killed and becomes occupied by a mass 
of teliospores. During this process the cells of the host lose them identity 
and. presumably, their contents are used in the formation of ‘he spores 
Generally, the change occurs in Ussue anatomically and physmiog.calty 
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chemical degradation of the wall. Van Sumere et at (1957) have shown 
that extracts from uredospores, or germinating uredospores, of Pticcinia 
graminis f. tritici contain enzymes degrading hemicelluloses, cellulose, 
and pectin. The pectic enzymes are produced only by germinating spores, 
and when pectin is present in the substrate. However, cytological studies 
have made it clear that degradation of the cell wall is limited in extent 
and it will be shown later that extensive enzymatic degradation of the 
cell wall generally kills the protoplasts; this itself would prevent growth 
of an obligate parasite. 

Tissues successfully colonized by obligate parasites show little sign 
of damage for some time although there is a heavy intercellular growth 
of hyphae, and many of the cells are penetrated by haustoria. Whereas 
it is unlikely that the host cells derive much benefit from the parasite, 
the good growth of the pathogen shows the extent to which the nutrients 
of the host are being used. The accumulation of C“ compounds at the 
sites of infection of cereal leaves by Puccinia graminis and ErysiphB 
graminis has been demonstrated by Shaw and Samborski (1956) who 
suggested that the metabolism of the host tissue near the lesion is stimu- 
lated by substances produced by the pathogen, the host cell, or both. 
Clearly if there were no stimulation and mobilization of nutrients, 
growth of the pathogen would be at the expense of invaded cells, and 
the starvation of these cells might lead to their early death, and to that 
of the pathogen as well. The ability to increase the metabolic rate of 
host cells might, therefore, be a factor in successful parasitism. 

In hosts which are not freely parasitized by an obligate parasite, 
resistance is expressed in a number of ways, but often the stage is 
reached at which a haustorium is put into a host cell which then dies, 
more or less quickly, depending to some extent on the environment, but 
more importantly, on the particular host-pathogen combination. The par- 
ent hypha may continue to produce more haustoria which behave in the 
same way until the reserves of the pathogen are used up. The pathogen 
then dies after having killed a small group of cells. The way in which 
the cells are killed is not kno^vn. It could be by toxins produced by thr! 
pathogen. Tlicse would have to be very selective in their action because 
often the cells of a closely related variety of the same species are not 
killed. The host cells may not provide essential nutrients, and this may 
interfere with the metabolism of the pathogen so that toxic by-products 
accumtdatc. VHiatevcr the reason, the pathogen fails to establish tlic 
compatible relationship which it achieves with a susceptible plant, and, 
therefore, dies. 

Tliis type of pathogen, when successful, is able to extract nutrients 
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2. Resistance Caused by the Presence of Inhibitory Materials 

Here the plant is considered to be resistant because it contains sub- 
stances which reduce or inhibit growth of some organisms. Pathogens 
of such plants either are not affected by the inhibitory substances, or 
else possess mechanisms which render them ineffective. 

This type of barrier to infection has always attracted a good deal 
of attention, probably because it is one of the easiest to visualize. There 
are numerous examples in the literature which provide circumstantial 
evidence for such barriers. As a group, phenolic substances have been 
studied from this point of view for many years. Recently, Johnson and 
Schaal (1952, 1957) showed that the phenols, particularly chlorogenic 
acid, present in the outer layers of potato tuber are important in resist- 
ance to infection by Streptomyces scabies, and Kirkham (1957) in sim- 
ilar work with Ventiiria inaequalis and V. pirina attacking apple and 
pear leaves, considered that phenols in the leaves play some part in the 
patterns of resistance shown in these diseases although it was empha- 
sized that they are not the only factors involved. 

The different alkaloids have a restricted distribution among plant 
species, and some workers have produced evidence that they are im- 
portant in disease resistance. Thus, McKee (1955) attributed the resist- 
ance of cells at the surface of wounds in potato tubers to the solanine 
present in the cell vacuoles, and the resistance of some plant species to 
infection by Fhymatotrichum omnivorum, a pathogen with a very wide 
host range, is thought to depend on their high content of certain alka- 
loids (Greathouse and Rigler, 1940). 

On the other hand, the presence of a substance in plant tissues at 
concentrations which would be toxic in vitro does not necessarily mean 
that this substance acts as a barrier in vivo. An example of this is pro- 
vided by the work which has been done on the chemical basis of 
resistance in the Cruciferae to Plasmodiophora brassicae. Rochlin (1933) 
claimed that Brassica nigra is resistant because of its high content of 
mustard oil which occurs in undamaged cells as a glycoside, and is re- 
leased by the y0-glycosidase activity of damaged cells. But it has been 
shown that highly resistant and highly susceptible lines of black mustard 
have about the same amount of mustard oil and glycosidase, and that 
a resistant line, gro^^'n so that it contained little mustard oil, nevertheless 
retains its resistance (Stalimann ct ah, 1943; Piy'or, 1940). 

It is, in fact, rather remarkable how few cases there arc in ^vllich 
resistance of a plant to a particular pathogen can be traced to tlic pres- 
ence in tile plant of specific inhibitor>' substances. Tliere arc a number 
of reasons for this. Tlie substances may not be present in the parts of 
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vegetative growth such enzymes are not active earlier. This aspect of 
pathogenicity of smut fungi has been little studied. In view of the general 
similarity of rust and smut parasitism and the ability of smut fungi to 
grow on artificial media this might well repay investigation because 
their potentiality for producing extracellular enzymes could be easily 
studied. 


B. Types of Barriers Present in Plants 
1. Barriers Caused by the Absence of Essential Nutrients 

It has often been suggested that obligate parasites cannot grow on 
dead tissue of a susceptible host because only the living cells are able 
to supply the nutrients essential for growth. Similarly, plants may be 
resistant to obligate parasites because they do not contain such nutrients. 
Garber et al. (1956) and a number of earlier workers have proposed 
that similar factors apply in parasitism by nonobligate types. Thus, 
mutants of Eriuinia aroideae, deficient for certain amino acids, were less 
virulent than the wild type (Garber et al, 1956), but prototrophic 
reversions from an avirulent mutant deficient in arginine had the original 
virulence. In similar work with Venturia inaequalis and apple leaves 
(Keitt and Boone, 1954; Kline et al, 1957) virulence was restored 
when the required nutrilite was added to the inocula of six out of 
eight different mutants. Here it may be assumed that one barrier to 
infection is the absence of an essential substance in available form. The 
last qualification is necessary because Kline et al (1957) found that 
each of the eight deficient mutants grew on juice from apple leaves. 

This concept applied to absolute deficiencies for one or a small 
number of substances is probably of limited value in attempting to 
understand mechanisms of pathogenicity because, obviously, a pathogen 
can parasitize only those tissues which provide materials essential for 
its growth. Also, apart from the fact that most plant pathogens other 
tian obligato parasites have simple nutritional requirements, the tissues 
of higher plants almost always contain the substances for which de- 
ficiencies in some fungi have been reported. Sometimes, of course, 
growth of a pathogen in a host may be limited by the concentration of 
a substance for which the pathogen is deficient. Tliis, however, is only 
another aspect of the general nilc that for continued parasitism the host 
must provide materials for growth in suitable proportions. 

On the other side of the picture, the ability of an organism to grow 
when supplied only with simple nutrients is not likely to contribute 
much to its pathogenicity. In fact, many saprophytes and weak path- 
ogens fall into this catcgor>'. 
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in osmotic pressure behveen the cells of host and pathogen may be 
intrinsic and present from the beginning, or may be induced by the 
action of substances produced by the pathogen which affect the per- 
meability of the host cell. Such substances will be dealt with later. 

Pathogens which cause extensive degradation of plant tissues might 
create difficulties for themselves by breaking down polymers such as 
starch and pectins, thus producing solutions of high osmotic pressures. 
This may explain the results of Johnson (1947) who showed that water- 
congested leaves are much more susceptible to attack than were normal 
leaves and those of Lapwood (1957) and Murant and Wood (1957) 
who found that parasitism of potato tubers by bacteria is greatly affected 
by die water content of the tissue, and diat free water in intercellular 
spaces destroys the resistance of tubers to attack by organisms non- 
pathogenic to ordinary tubers. 

The ability of an organism to develop high suction pressures or to 
reduce those of the host cells can, therefore, be considered a factor in 
pathogenicity. 

4. Agglutinating Substances 

There are in the blood sera of many species of animals living under 
natural conditions substances which react with bacteria in much the 
same way as do specifically induced agglutinins, bactericidins, or anti- 
toxins. There is some evidence that substances with a similar action 
occur also in plants. Berridge (1924) has described some of the earlier 
work on this subject and has herself shown that the fresh juice from 
potato tubers agglutinates and plasmolyzes certain nonpathogenic bac- 
teria but does not affect pathogenic species. In this instance, the ability 
to resist agglutination at the surface of a damaged tuber might be a 
factor affecting pathogenicity. But Manil (1936) did not find that 
resistance to Bacterium tabacum or Pseudomonas syringaa is related to 
the agglutinating power of the sap, and Murant and Wood (1957) found 
that although two species of bacteria nonpathogenic to potato tubers 
are agglutinated in the way described by Berridge, and a pathogenic 
species is not, a third nonpathogenic species belonging to another genus 
also is not agglutinated. 

Verj' little is knou-n about tlic nature of the substances in plants 
which cause bacteria to agglutinate and, in particular, wliellicr or not 
any of them have the complex structure of the corresponding subst.anccs 
present in some animals. And little is knoum about the ability of some 
bacteria to be unaffected by such extracts, for instance, whether or not 
some bacteria secrete substances which degrade the agglutinins or 
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the plant which are colonized by the pathogen, and in invaded tissue 
they may not be present in an available form. In this connection, the 
fact that obligate parasites, and some other fungi, do not kill host cells 
would be important because some toxic substances may be released only 
on death of the host cell. By inducing pH changes in invaded tissue, the 
pathogen might reduce the permeability of its cells to the toxic sub- 
stances. Products of the metabolism of the pathogen may also react with 
the toxins to form innocuous compounds. A special case of this sort is 
described by Bazzigher (1955, 1957) for Endolhia parasitica and certain 
other fungi which produce adaptive enzymes which degrade tannins 
and phenols. If such substances are toxic to some fungi, an ability to 
degrade them would be a detoxification mechanism, although in this 
example it would be difficult to show that the fungi used are not in- 
trinsically tolerant of these toxins. 

The pathogen may become adaptive in ways which have been 
described for bacteria and drugs, and fungi and fungicides. For example, 
Agerburg et al, (1933) showed that the alkaloid solanine present in 
tomato leaves has less effect on the germination of spores of Clado- 
sporium fulvum obtained directly from infected leaves than on conidia 
obtained from cultures. This might be an instance where exposure of a 
pathogen to a toxin either causes phenotypic and genotypic changes, 
or leads to the selection of cells having greater resistance. 

3. pH and Osmotic Pressure Ejects 

Microorganisms which grow well only over a narrow pH range are 
probably restricted in their parasitism by this factor. For example, most 
bacteria and some fungi probably do not parasitize fruits such as apples 
because the tissue has a low pH. Cole (1958) has shown that when 
apples are invaded by certain bacteria there is little spread of the 
pat^ ogen from the point of inoculation, the damage being produced by 
toxins which diffuse into the tissue. Home (1932) suggested that the 
increased susceptibility of overripe apples to attack by a number of 
fungi depends partly on the rise in the pH of the tissue. 

Usmotic pressure effects in parasitism have been studied relatively 
little except in the obligate parasites. Obviously they are important 
because m order to grow, a pathogen must absorb water across a semi- 
permea e membrane. Where the limiting membranes of host and 
pathogen are in intimate contact as in the haustoria of rusts, the 
pat ogen will gain water only if the suction pressure of the hyphae 
exceeds that of the host cell; Thatdier (1939) has sho^vn this to be true 
for tivo species of Uromyces on pea and carnation plants. Differences 
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of anaerobic metabolism would contribute to pathogenicity because in 
sufBciently high concentrations, these substances might kill host cells 
in much the same way as cells are killed by their o\vn anaerobic metab- 
olism, e.g., bro\vn heart of apples. 

Another factor is the suitability of the host for the production by 
pathogens of toxins, and the extracellular enzymes which degrade plant 
cells. It will be shown later that the nutritional requirements for pro- 
duction of these substances are often rather critical and not always the 
same as those which support good vegetative growth, 

6 , Cell Walls as Barriers 

Many fungi which successfully invade higher plants have little or 
no effect on the cell walls. Although with obligate parasites such as the 
rusts and with a few facultative saprophytes the cell wall may 
be penetrated by haustoria, this is probably done mechanically and it 
has little effect on the general structure. Because resistance in such cases 
is generally associated with death of the cells, it is not surprising that 
parasitism is not accompanied by breakdown of the cell walls. 

^\^ether or not bacteria are able to parasitize plant tissue without 
degrading cell walls is rather doubtful. Bacteria arc recorded from 
healthy tissues showing no damage to the cell walls but the bacteria are 
probably dormant and inactive until conditions in the tissue become 
suitable for their multiplication. 

In many other diseases the pathogen kills the cells of the host in 
one of a number of ways and lives on moribund or dead cells. Fre- 
quently, the cells of the host tissue arc killed in a zone in front of the 
pathogen, and in this zone there is often clear evidence of ccll-wall 
degradation. In such lesions, often characterized by a mass movement 
of the pathogen along a broad front, the cell wall probably functions as 
a barrier to infection in a number of ways. In the first place it is com- 
posed largely of insoluble materials and may bo of considerable thick- 
ness relative to the dimensions of the pathogen. It therefore presents a 
complete harrier to organisms such as bacteria sshich are unable to 
penetrate it mechanically. Although many fungi penetrate cell walls 
mechanically, this is done by infection tlircads many times narrower 
than normal luphac so that Inph.ae penetratinc successive cell walls 
would have numerous constrictions along tlicir length; tliis. presumably, 
would interfere with the flow of materials along the hsph.ir. Further- 
more, the action of the patliogcn on host cells depends upon mosemcnl 
into the cells of cttmcellular cnrMncs and other substances produced by 
the pathogen, and mosement out of the cells of nutrient materiils 
Although materials arc interchanged l>clwcen atlj.ncent cells throtigli the 
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inactivate them in some other way. Substances, collectively known as 
“aggressins,” with such properties are known from immunity studies 
in animals. 

5. General 'Nutrient Conditions in the Host 

Above have been described some of the ways in which substances 
initially present in plant cells form barriers to infection because they 
reduce or prevent growth of the invading organism. Similar effects may 
arise because the host tissue does not provide tlie pathogen with a 
substrate suitable for continued growth, and tliese effects can be simu- 
lated by growing fungi or bacteria on unsuitable artificial media. The 
organism starts to grow but the metabolism becomes unbalanced and 
one or more products which retard growth accumulate. This sort of 
process once started can rapidly become cumulative, can stop further 
growth, and may even kill the cells which have been produced. Some 
of the factors which affect the metabolism of an organism in this way 
are the C i N ratio of the substrate, the type of nitrogen source, trace 
elements, and growth factors. If the C : N ratio is high, as is often the 
case in higher plant tissues, sugars are used only partially, and incom- 
pletely oxidized products such as organic acids accumulate and may 
reach concentrations at which growth of the patliogen is reduced. An 
example of a trace element effect is that zinc deficiency unbalances 
carbohydrate metabolism and organic acids accumulate. Differential 
usage of different sources of nitrogen can lead to pronounced pH 
changes. Some fungi, e.g., certain Fusaria, are known to be affected by 
such changes. The ability of an organism to continue growmg in the 
presence of these “staling products” may, therefore, be a factor con- 
tributing to their ability to parasitize a host tissue. 

Along a ratlier different line, fungi are essentially aerobic organisms 
and probably can metabolize anaerobically only to the extent of their 
indigenous carbon stocks. In contrast, many bacteria, some of them plant 
pathogens, are facultative anaerobes, and are able to grow deep in 
tissues where the oxygen would limit aerobic respiration. In a large 
mass of tissue with a small surface in relation to volume, the rate at 
which a lesion advances may depend on the rate at which the pathogen 
can obtain oxygen at the advancing edge of the lesion, or on the ability 
of tlie pathogen to metabolize anaerobically. Although no precise data 
are available, some rots of storage tissue grow so rapidly that it is 
dilEcult to believe that tliere is sufficient oxygen at the edge of the lesion 
for aerobic respiration. In such cases the ability of an organism to grow 
anaerobically would free it from competition by secondary invaders 
which do not possess this property. Also, tolerance of the by-products 
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reduces cross-linking and a pJastic and reJativ-ely hydrophilic meshwork 
is formed. Tlie insolubility of this type of pectic material, commonly 
referred to as protopectin, is still con/ectural. It may primarily be a 
matter of chain length and cross-linkage between adjacent chains. 

Little is kno^^^l about other materials in cell walls and about the 
enzymes which degrade them. In parenchyma cells they are only a 
small proportion of the materials present, but it would be rash to dis- 
miss them as unimportant because their presence, even in small quanti- 
ties, could profoundly alter the susceptibility of the main components 
to attack by enzymes. 

Enz)mes degrading cell walls are known almost exclusively from 
bacteria and fungi. The cellulases degrade cellulose and its derivatives. 
In spite of intensive study, their mode of action is not known with 
certainty. One view is that there is a single enzyme which by random 
cleavage converts cellulose to glucose (Whitaker, 1957). Another states 
that a second enzyme, cellobiase, is required for the conversion of cello- 
biose to glucose (Aitken et al., 1956), whereas Reese (1956) considers 
that cellulose is degraded completely only by the successive action of 
a number of enzymes; the first, designated Ci converts native cellulose 
into soluble straight chains of anhydroglucose residues ivhich are then 
degraded by a second enzyme C, which hydrolyzes the ;6-l,4-glycosidic 
linkages to produce cellobiose, this then being converted to glucose by 
the action of a j9-gIucosidase or cellobiase. 

IVhatever the method of degradation, it is known that a number of 
plant pathogens can degrade cellulose in one or another of the manu- 
factured forms to produce cellobiose or glucose Almost always, cellulase 
is produced m vitro only when the specific substrates are present in 
the media. 

2. Action of Cellulolytic and Pectic Enzymes in Vivo 

The pectic enzymes are more diverse than the cellulases in mode of 
action and properties. They may be classified as follows. Pectinesterase 
deesterifies pectinic acids to give pectic acid and methyl alcohol. Poly- 
galacturonases rupture the glycosidic linkages between residues. There 
are now known to be a number of polygalacturonases for which Domain 
and PhafF (1957) have proposed the following nomenclature: endopoly- 
galacturonase hydrolyzes pectic acid or pectates by random splitting, 
exopolygalacturonase degrades similar substrates but preferentially at- 
tacks terminal linkages; endopolymethylgalacturonase attacks pectinic 
acids by random splitting, and exopolymethylgalacturonase attacks ter- 
minal linkages. In addition, there may be other enzymes which attack 
the main chain; these will be referred to later. 
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cell wall as well as through the plasmodesmata, presumably, substances 
would move across cell walls much more rapidly if they were degraded. 
It is also possible that protoplasts are killed if certain structures in the 
cell wall are substantially altered. Degradation of the cell wall could, 
therefore, be a way in which pathogens kill host cells. 

At a later stage in this sort of parasitism, the cell wall may be an 
important source of energy for organisms able to degrade the constituent 
polymers. The chemical ability to degrade cell walls is, therefore, one 
of the most important attributes of the nonobligate type of parasite, and 
for this reason it will be considered in some detail in the next section. 

C. Pathogenic Mechanisms of Microorganisms 
1. Enzymes Degrading Cell Walls 

The cell wall consists of a meshwork of cellulose microfibrils em- 
bedded in a matrix which in parenchyma cells contains pectic materials 
as the main constituents with lesser amounts of arabans, galactans, 
xylans, and hemicelluloses. The primary walls of adjacent cells are 
separated by a middle lamella consisting largely of pectic substances. 
The only pomt that need be made about cellulose is that although it is 
considered to consist essentially of linear chains of glucose in 
glycosidic linkage, it is suspected that other linkages bebveen glucose 
units and also a small number of reactive groups are present. These 
linkages and groups could profoundly aflfect the enzymatic degradation 
of the chain, and the relationships between cellulose and other com- 
ponents of the cell wall. 

The essential structure in pectic materials is a linear chain of 
anhydrogalacturonic residues in a,l,4-gIycosidic linkage. If all the car- 
boxyl groups on carbon 6 are free, the substance is pectic acid with 
pectates as salts. Some of the carboxyl groups may be esterified with 
methyl alcohol to give pectinic acids with pectinates as salts; pectins 
are pectinic acids with a high proportion of the carboxyl groups esteri- 

. Pectic acid and salts with polyvalent cations are insoluble; pectinic 
aci s are soluble but with decreasing methoxyl content there is an 
increasing tendency to form insoluble gels. 

The different properties of the pectic materials of the middle lamella, 
and the primary and secondary cell walls probably depend primarily 
on differences in degree of esterification. In the middle lamella there is 
little esterification and the pcctic material is considered to consist essen- 
tially of a firm, hydrophobic meshwork of polyuronide chains extensively 
cross-linked through the formation of calcium and magnesium salts. In 
the primat)’ and secondary cell wall the higher degree of esterification 
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rapidly spreading lesions, probably because the enzymes are not formed 
quickly enough, and because their action is too slow to be useful to the 
fungus or bacterium in the actively pathogenic phase. These enzymes 
may be more important in slowly developing diseases where tlie 
pathogen is associated with the host for relatively long periods as in 
some vascular wilts, and in diseases in which the host material is 
extensively used after the tissue has been killed, e.g., dry rot of potatoes 
caused by Fusarium coenileum. 

Although it is difficult to assess the importance of cellulases at the 
present time, the facts are that many pathogens do produce cellulases 
and grow with insoluble cellulose as the sole carbon source, so it is 
very likely that under some conditions, cellulases are produced in vivo 
and play a part in pathogenesis. 

In contrast to the uncertainty about the role of cellulases, there is 
abundant evidence that pectic enzymes are often important from the 
beginning. In soft rots the cells separate along the line of the middle 
lamella; this implies the degradation of a layer composed largely of 
pectic materials. In later stages, loss of pectic substances from cell walls 
may be shown by staining or, better, by analyses of sound and rotted 
tissue (Cole, 1958). Culture filtrates containing pectic enzymes produce 
in living tissues many of the effects observed tn vivo, whereas filtrates 
not containing these enzymes do not. And pectic enzymes, not of host 
origin, can be isolated readily from host tissues invaded by certain plant 
pathogens (Wood and Gupta, 1958). Many pathogens produce pectic 
enzymes in artificial media and in extracts of host tissues; of a large 
number of padiogens investigated by the author, only Phytophthom 
infestans failed in this respect. This ivfdespread ability to produce 
enzymes which degrade plant tissues, itself suggests that pectic enzymes 
are important agents in breaking down the cell wall barrier. 

In most soft rots one of the earliest disease symptoms is separation 
of cells along the middle lamella, often in advance of the pathogen. 
Because this layer is believed to consist largely of pectates, it would be 
degraded by exo- and endopolygalacturonases; tlie gel structure is lost, 
and lower molecular weight compounds and, finally, galacturonic acid 
are produced. 

The author has observed that enzyme preparations which rapidly 
disintegrate slices of parenchymatous tissue macerate thin slices of 
meristematic tissue such as root tips very slowly. This may be caused 
partly by the absence of intercellular spaces so that tlie middle lamella 
is not as accessible as it is in parenchyma. But it is more probable that 
the middle lamella of very young and of mature cells differs in composi- 
tion and that in meristemaHc cells it is more resistant to degradation by 
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In the early stages of infection of parenchyma there is little micro- 
scopic evidence of cellulose degradation although the tissue has lost 
most of its coherence. Cellulases have not been looked for often in 
rotted tissues, but in some cases they arc known to be absent, or present 
in very low concentrations. Cole (1958) was unable to extract cellulases 
from apples rotted by any of a number of fungi, and tlie author has 
found the same for potato tubers rotted by Erwinia aroidcae. But Husam 
and Kelman (1957) state that juice from the tissue of tomato plants 
infected by Pseudomonas soJanaccarum possesses cellulase activity al- 
though it is not high, and the substrate used in the tests was a soluble 
derivative. 

Although many plant pathogens produce a cellulase in vitro, most 
workers measure activity in terms of an ability to degrade salts of 
carboxymethylcellulose which are soluble and therefore facilitate experi- 
mentation. It is known that some organisms which degrade soluble 
derivatives attack insoluble and relatively unchanged cellulose only 
slowly if at all (Reese et al, 1950), so that the ability to degrade such 
derivatives may be little related to an ability to degrade the cellulose of 
the cell wall. Furthermore, the author has found that filtrates from cul* 
tures of Myrothecium verrucaria which does degrade insoluble cellulose, 
does not macerate thin slices of plant tissues, although this happens 
readily with filtrates from other organisms having no cellulolytic activity. 
At present, there is no good evidence that cellulases are important in 
the early stages of infection by plant pathogens. This may be because 
at this stage the substrate is separated from the pathogen and its secre- 
tions by the matrical substances between the fibrils, and that by the 
time the fibrils have been exposed, much of the damage to the cell has 
been done. Also, cellulases are almost always produced in vitro only 
when the specific substrate is present and often, production and activity 
are reduced by glucose and other sugars. At the beginning of lesion 
formation, conditions would, therefore, seem not to be very favorable 
for cellulase secretion. But cellulase may be produced later when dead 
tissue is degraded and the gradual accumulation of sugars which would 
follow might have important effects on the physiology of the pathogen 
particularly in the formation of reproductive structures It is also prob- 
able that much of the degradation occurs through the activity of 
secondary invaders, or after the dead tissue has been returned to the 
soil. It may be significant that most fungi which damage cotton fibers 
in the field are either nonpathogenic or very weakly pathogenic to 
higher plants. 

The ability to degrade cellulose does not seem to be an important 
way of breaking down the barrier of the cell wall, at least not in 
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enzymes under different conditions. Cole (1958) found that filtrates 
from cultures of Penicillium expansum, active on pectinates and plant 
tissue, degrades pectates very slowly, but extracts from rotted tissue, 
also active on the first two substrates, rapidly degrade pectates as well. 
Here, therefore, in vitro experiments alone would have given a mislead- 
ing picture of the activity of the pathogen in apple fruit. 

Apart from an intrinsic ability to secrete pectic enzymes, secretion 
may also be much affected by the substrate. Some organisms produce 
chain splitting enzymes conslitutively, others produce them only if the 
specific substrate is present, whereas others produce them more abun- 
dantly under these conditions. Pectinesterase seems to be more often 
produced adaptively tlian the chain-splitting enzymes. That these factors 
may be important in infection is shown by the work of Green (1932), 
who showed that Penicillium digitatum and P. italicum do not invade 
citrus fruits if certain nutrients supporting good growth are added to 
the inoculum, but do so if orange juice is added. Almost certainly the 
juice would have contained pectic substances which probably stimulate 
the formation of the pectic enzymes necessary for infection. 

The C:N ratio of the substrate can also greatly influence enzyme 
production, high ratios generally reducing secretion. This could be sig- 
nificant in tissues with high carbohydrate content. A readily available 
carbon source would promote good growth of the pathogen, and this 
would use up the nitrogen which would not be available, therefore, for 
the production of the pectic and other enzymes needed for the disin- 
tegration of the tissue unless the organism were able to utilize its own 
reserves for this purpose. 

More specific factors may also affect secretion of pectic enzymes. 
Extracts from some plants reduce or prevent secretion of enzymes in 
media otherwise suitable (Singh and Wood, 1956). Byrde (1957) has 
shown that the resistance of the fruit of some apple varieties to attack 
by Sclerotinia fructigena may be attributable to their high content of 
substances which reduce pectic enzyme activity. Cole (1958) found that 
a pathogen itself may alter the activity of the pectic enzymes ft has 
secreted. In a comparative study of the rots of apples caused by different 
fungi and, in particular, the firm, brown rot produced by Sclerotinia 
fructigena and the soft, white rot caused by Penicillium expansum, it 
was found that there is a mudi greater loss of pectic materials in the 
white rot and that only in this rot are chain splitting enz>Tnes present. 
With these differences is associated a much greater loss of phenolic 
substances in the firm rot. The polygalacturonase of S. fructigena is 
inactivated after incubation with the products formed by the oxidation 
of certain phenols present in apple tissue. There is little oxidation in 
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pectic enzymes. In this connection, the recent work of Ginzburg (1958) 
may be significant because evidence was obtained tliat the middle 
lamella between the cells of pea root tips contained protein which 
retards maceration caused by calcium sequestering agents. If protein 
were present, the ability to degrade the middle lamella would depend 
on the secretion of proteolytic enzymes which would expose the pectates 
to the action of pectic enzymes. 

Generally, it has been assumed that the middle lamella is of more 
or less constant composition and structure. If there were differences in 
different parts of a plant, and between plant species, some of the differ- 
ences in susceptibility to attack by pathogens could be accounted for. 

The pectic substances of the primary and secondary walls which 
yield pectinic acids of high methoxyl content and high molecular weight 
on mild acid hydrolysis, are also readily brought into solution by the 
enzymes of a number of pathogens. The way in which this is done 
initially is not known because the reasons for the insolubility of proto- 
pectin are not known; but at a later stage, when the materials, although 
still of very high molecular weight, are soluble, further breakdown may 
occur in a number of ways. If pectinesterase, produced by the pathogen 
or by the host, is present and active, pectinic acids may be degraded by 
exo- or endopolygalacturonases. Otherwise they would be degraded by 
exo- or endopolymethylgalacturonases. 

From numerous studies which have been made in the past few years 
(Wood, 1955, Demain and Phaff, 1957), it is clear tliat microorganisms 
may degrade pectic substances in vitro, and presumably in vivo too, in 
a number of ways. Also, pectic enzymes having the same mode of action 
may differ in their physical and chemical properties, and particularly 
in their reaction to pH. Pectic enzymes generally have sharp peaks of 
activity at certain pH values so that the initial pH of a tissue, and the 
Ranges in pH caused by the pathogen, may be important in this respect. 
There is, however, some evidence that pathogens may possess certain 
a aptive mechanisms which reduce the importance of the pH factor. 
Filtrates from cultures of Erwinia aroideae on synthetic media have a 
pH optimum of 8.0 or higher, and activity diminishes rapidly below the 
optimum But this organism readily rots potato tubers where the pH at 
the surface of damaged tissue and of the juice of rotted tissue is about 
6.2. If the organism is grown in potato sap, the enzyme is more active at 
pH 6.0 than at higher values, so that ffiere are differences in the proper- 
ties of the enzymes produced under different conditions (Murant and 
Wood, 1957). 

There is also evidence that an organism able to produce more* than 
one type of chain splitting enzyme produces different proportions of these 
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by many other pathogens. The selective permeability of the living proto- 
plasmic membranes obviously limits the action of some metabolic 
products of the pathogen, and also reduces the availability of materials 
within the cell. Furthermore, only living cells produce the defense 
mechanisms important in the resistance of some plants. An ability to Idll 
host cells is, therefore, a way in which an important barrier to infection 
can be overcome. The killing of cells by pectic enzymes has already 
been considered. In certain other diseases cells are killed by relatively 
low molecular weight substances, generally referred to as toxins. 

Pathologists have often been tempted to regard toxins as important 
in symptom production because fungi and bacteria growing on artificial 
media frequently produce substances toxic to plant cells. There is no 
reason why these or similar substances should not be produced, and kill 
cells, when the patliogen is growing on the host. In many diseases, 
symptoms appear in parts of a plant away from the pathogen; this can 
be interpreted as the action of substances which move from the site of 
infection. If a pathogen produces in vitro substances which can repro- 
duce in host plants some of the natural symptoms, it is tempting to 
ascribe such symptoms to the action of toxins produced in vivo. It is, 
therefore, suiprising that very seldom has it been shown unequivocally 
that specific toxins are important in pathogenesis although this has often 
been claimed, generally on inadequate evidence. In this connection, the 
paper of Dimond and Waggoner (19o3a) is important because it em- 
phasizes the proof required before a definite role in symptom production 
can be ascribed to metabolic products of a pathogen. Such substances, 
for which the term “vivotoxins” was proposed, must be found in diseased 
plants and must be able to reproduce some or all of the natural 
symptoms. 

Apart from substances active in low concentrations, cells may be 
killed by concentrations of substances of relatively low toxicity ^vhich 
accumulate because the composition of the host tissue does not permit 
a balanced metabolism. Gibson (1953) considered that oxalic acid 
causes the lesions on the hypocotyls of groundnut plants infected with 
Aspergillus niger, and it may be significant that Sderotium rolfsii which 
attacks the soft tissues of a large number of plants rapidly reduces the 
pH of many types of media to low values (Abeygunawardena and 
Wood, 1957). 

There is now a good deal of circumstantial evidence that toxins are 
important in some necrotic diseases of leaves (Brian et ah, 19o2; Braun, 
1955; Pringle and Braun, 1957; Ludwig, 1957); in vascular wilt diseases 
caused by Fusarium spp. (Dimond and Waggoner, 1953b; Gaumann. 
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the white rots so that the inhibitory product is not formed, and con- 
tinuous degradation of the pectic materials causes a greater loss of 
pectic materials from the cell walls. The reason for the absence of 
oxidation in white rots has not been determined, but is possible that 
P. expansum produces inhibitors of host oxidative enzymes, and, addi- 
tionally, does not itself oxidize phenols. 

In this case, therefore, the pathogen breaks a barrier by inhibiting 
an enzyme system. If this system were not inactivated it would produce 
inhibitors of enzyme systems of the pathogen which are essential for 
pathogenicity. 

The production of inhibitors in the brown rot does not seem to have 
much effect on the pathogenicity of S. frnctigena probably because it 
is offset by the ability of this fungus to grow rapidly through the tissue. 
But similar systems may be responsible for the self-limiting type of lesion 
often produced in leaves. Here the phenolic content is often high, and 
the fungi have an intrinsically low rate of growth. 

3. Consequences of Cell Wall Degradation 

In a soft rot lesion many of the pathogenic effects are produced 
before the cell wall has lost much of its visible structure. At this stage 
the cells are dead, killing often occurring in advance of the pathogen. 
The cells may be killed by toxins produced by the pathogen; the move- 
ment of such toxins through the tissue, and through cell walls would 
be facilitated by the action of wall degrading enzymes. There is also 
a good deal of evidence that the action of pectic enzymes on the cell 
wall, or on protoplasmic structures closely associated with the wall, 
can itself kill the protoplasts. 

Death of the cells is followed by a complex series of reactions, some 
autocatalytic in nature, others initiated by the pathogen. Under natural 
conditions, the course of these reactions is often complicated by 
secondary pathogens once the cellular resistance of the host is de- 
stroyed. Analysis of these processes is obviously a formidable task, 
but some aspects of it are relevant to pathogenicity. Thus, in many 
diseases the lesions continue to grow, but in others, the lesions stop 
growing soon after their formation. The nature of some of the barriers 
which intervene at this stage will be considered later. 

4. Production and Action of Toxins 

Obligate parasites obtain nutrients from living cells, and their 
parasitism depends on the fact that they do not kill host cells. In con- 
trast, certain properties unique to living cells are barriers to infection 
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may act m these ways, e g , interference of the methionme metabolism 
of host cells by the toxin produced by Pseudomonas tdbaci (Braim 
1955) 

In some plant diseases, mfection is followed by an increase in the 
respiration of the infected bssue not wholly accounted for by the 
respiration of the pathogen Sometimes, the respiration of mvaded tissue 
near mfected tissue is also mcreased This aspect of the action of toxms 
has been much studied in recent years particularly in obligate parasites 
and it has been suggested that the increased respiration follows the 
action of toxms on the host cells (Hellmga, 1940, Millerd and Scott, 
1957, Uritani and Akazawa, 1955) 

However, Farkas and Kiraly (1955) and Daly and Sayre (1957) 
obtamed no evidence that toxins are responsible for the increased 
respiration 

Reduction of respiration in host cells bv toxins has also been re 
ported Naef-Roth and Reusser (1954) found that fusaric acid reduces 
respiration in excised tomato shoots, and lycomarasmm and fusaric acid 
inhibit the succmoxidase and cytochrome oxidase activity of mito 
chondna from tomato seedlings (Paquin and 'Waygood, 1947) 

The complex series of reactions which yield energy are probably 
similar in host and pathogen, and some of the reactions may be particu- 
larly susceptible to inhibition The extent to which these particular 
reactions are affected determmes the general rate of the senes of 
reactions and these critical systems may be different m host and path 
ogen Alternatively, the same systems m host and pathogen could be 
differently susceptible to the same mhibitor Interference with the 
respiration of host cells may lead to the accumulation of mtermediates 
which can be used by the pathogen or to death of die cell by inter 
fermg with its energy-yielding mechanisms 

The fact that the permeabihtv of host cells may be affected by 
pH changes caused by the pathogen has already been referred to This 
can also happen in other ways Bachmann (1956) and Gaumann and 
LoefHer (1957) state that fusaric acid and lycomarasmm reduce the 
permeability of plant cells, but it is not knoxwi whether these substances 
act as general c}^opIasmic poisons, or affect specific structures in the 
plasma membranes responsible for semipermeabihty The latter possi 
bihty is indicated by Burchfield and Storrs (1957) who found that 2,4 
dichloro 6 anilmo s triazme causes the release of phosphite from fungal 
spores but does not impair germination They suggested tliat the per 
meabihty changes depend on reaction behveen halogen atoms on the 
triazme nng and sulfhjdryl and ammo groups of essential enz\mes 
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1951, 1957), and in diseases where there are pronounced formative 
effects (Yabuta and Hayashi, 1939a, b, Braun, 1954, Sequira and Steeves, 
1954) A full account of these is given m Chapter 6 of Volume I and 
Chapter 9 of this Volume Only the more general aspects of the action of 
toxms on plant cells will be considered here 


Microorganisms which readily change the pH of the medium in 
which they are growing to high or low values, often grow in the extreme 
conditions they produce Cells of most higher plants probably function 
normally only over a relatively narrow pH range, and although extreme 
pH may not kill the cells immediately, prolonged exposure may do so 
(Overell, 1952, Gibson, 1953) Changes in pH could also reduce the 
permeability of host cells to toxins by altering the plasma membranes or 
by reducing the dissociation of the toxins 


Effects of a similar general nature may be produced by substances 
affectmg oxidation reduction equilibria in host cells, but there is little 
evidence available on this point at present 

The ability of some metabolic products to chelate with essential 
metals could produce toxic effects (Deuel, 1954) The toxms lyco 
marasmm and fusanc acid, are chelatmg agents and Gaumann and 
Naet Roth (1954, 1955) have shown that these and other chelatmg agents 
ave siinilar effects on tomato shoots Certain ammo acids and other 
organic orms of nitrogen are also well known as chelating agents The 
secretion by some organisms of relatively large amounts of organic 
ni ogen compounds, may be a factor in pathogenicity because these 
used by the fungi which produce them (Morton 

and Broadbent, 1955) 

At least one metabolic product of fungi is known which probably 
amages ce s of higher plants by acting as an enzyme poison Clavacin 
^ ^ ^ number of species of Penicilhum and Aspergillus, is 

higher plants, and Miescher (1950) has 
n at It probably acts by blockmg sulfhydryl groups of enzymes 
n<TP ^ uietabolites Little is known about the production by path 
inf#»pf ^ poisons, but Brian et al (1956) have shown that apples 

ectea with Penictlltum expansum contam large amounts of clavacin 
has been much studied in bacteria is that m which 
yme reactions m susceptible cells are inhibited by substances similar 
o e su strate of the enzyme The mhibition is competitive when the 
"'ith the same active centers on the enzyme molecules 
as ^ ® strates and cannot afterward be metabolized and is non 

compe 1 ive w en the toxm combmes with active groups on the enzyme 
an so ma es others unavailable to the substrate Toxms of pathogens 
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nature. With few exceptions, these changes are followed by death of the 
protoplast. The more important substances deposited in the walls of 
differentiated cells are the mannans, galactans, arabans, and xylans 
(polymers of mannose, galactose, arabinose, and xylose); the poly- 
uronide hemicelluloses which, essentially, are mixed polymers of pen- 
toses and uronic acids; lignin, probably the most important impregnating 
substance, and with a complex structure still not fully determined; and 
suberin, characteristic of cork tissue, with a complex and incompletely 
known composition. 

The noncellulosic polysaccharides and to a lesser extent the hemi- 
celluloses resemble pectic materials in a general way. Although little is 
known about their degradation, it is probably similar to that of pectic 
materials. In differentiated cell walls the three types of materials are 
attacked only slowly, possibly because they are mixed with, and there- 
fore protected, by other substances much less susceptible to degrada- 
tion. Lignin and suberin are in this category; although they are 
degraded by some organisms, the process is very slow even when it is 
done by fungi which are adapted to this type of nutrition. Lignin and 
suberin are among the most resistant of all plant products to attack by 
plant pathogens, and cells impregnated with them form barriers which 
cannot be broken by most plant pathogens. Such cells are seldom pene- 
trated mechanically possibly because their walls are thick and tough, 
and chemically are little affected because the pathogens do not produce 
the necessary enzymes, or because enzymatic degradation is so slow. 
When a pathogen invades tissue containing lignified or suberized ele- 
ments, either it is stopped or it bypasses them in various ways (Marsh 
and Walker, 1932). It is probable that even alter the plant is killed, 
most of this type of tissue is degraded in the soil, and then only 
very slowly. 


VI. Penetration of Induced Barriers 
A. Induction of Barriers 

The barriers to infection already discussed are those present before 
infection. Apart from these preformed barriers, living tissue invaded by 
pathogens may react by producing new barriers which may be regarded 
as being induced by the pathogen. 

A common barrier of this type is formed in certain leaf spot diseases 
with Self-limiting lesions. Invasion is followed by death of a small group 
of cells around the point of entry. Cells some distance away soon form 
a phellogen which produces a layer of suberized cells separating the 
lesion from the rest of the leaf. The barrier formed presumably prevents 
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associated with selective transport systems. In view of the permeahili y 
changes in cells next to infected tissue in some diseases, it is possible 
that some toxins of pathogens could act in similar specific ways. 

5. Other Methods of Damaging Host Tissues 

There is good evidence that vascular wilt pathogens which are con- 
fined to the xylem elements produce disease symptoms by reducing t e 
flow of sap in the xylem. This may happen in a number of ways. 
Enzymes of the pathogen may act on the cell wall of the xylem elements 
to release high molecular weight compounds which impede the flmv 
of the sap. Alternatively, the action of these enzymes may promote the 
formation of tyloses with the same effect. The pathogen may produce 
high molecular weight compounds which reduce the flow of sap as 
described by Hodgson et al. (1949). It has been suggested that ^ 
increased viscosity of solutions of high molecular weight substances 
reduces the rate of flow, but this is not always true because the effect 
can be obtained with dilute solutions with viscosities little more than 
that of water. The flow of water could be impeded by the accumulation 
of the high molecular weight substances at the cells surrounding the 
ends of the vascular elements. 

The action of toxins on the respiration of host cells has already been 
dealt with. Substances produced by pathogens may also act in other 
ways because certain respiratory enzymes may require 
enzymes for activity, and the rate of some reactions may be limited by 
the availability of these cofactors. It is known that microorganisms often 
produce certain cofactors in excess of their own requirements. If th® 
same cofactors were limiting host respiration, an exogenous supply could 
lead to increased respiration of the host cells. 

Recent work has shown that substances such as indoleacetic acid 
may influence the development of plant cells, particularly the formation 
of cell walls (Glasziou, 1957), by altering the degree of adsorption of 
pectinesterase to cell walls. This implies that pectic enzymes play ^ 
more important part in cell metabolism than has hitherto been recog- 
nized. If this were shown to be so, production of pectic enzymes in plant 
tissues may assume a new significance. 

V. Invasion of Differentiated Cells 
Almost all plant pathogens first become established in tissues com- 
posed of parenchyma and many are confined to this type of tissue. A 
substantial proportion of young plants and a large proportion of 
plants consist of cells in which the properties of the walls are profoundly 
modified by the deposition of materials which are mainly organic m 
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phorbia cyparissias cured by heat after infection by Uromyces pisi, were 
resistant to reinfection. 

It is difficult to assess the importance of this and similar work because 
the results quoted can often be explained in other ways. In more critical 
work', Yarwood (1954) showed how carefully experiments of this sort 
must be interpreted. Circumscribed areas of bean leaves were inoculated 
with rust spores; some time later, ad|acent areas were found to be 
resistant to infection by the same fungus. From this it could have been 
assumed that cells in these areas had become resistant, but it was shown 
that the effect was caused by some volatile products of the original in- 
fection which prevented the germination of the spores of the second 
inoculum. 

On the other hand, it is well established that infection at one point 
can cause metabolic changes in uninfected tissue elsewhere and it is not 
difficult to see how resistance could be altered at the same time par- 
ticularly in delicately balanced host-pathogen relationships. 

B. Development of Progressive Lesions and the 
Concept of Inoculum Potential 

Lesions caused by some pathogens in relatively homogeneous plant 
tissue grow only to a limited size, whereas lesions caused by another 
pathogen may continue to grow until all the available tissue is invaded. 

In both types the normal sequence of events can be reversed by com- 
paratively small changes in the internal or external environment of the 
plant (Murant and Wood, 1957). 

In a self-limiting lesion, the pathogen overcomes the barriers to in- 
fection initially present in the host tissue, but then is unable to overcome 
those which it produces itself, and those which it causes the host tissue 
to produce. The host tissue may be unsuitable for continued growth of 
the pathogen so that the colony formed is restricted in size as is a colony 
growing on an unsuitable agar medium. The pathogen by degrading the 
polymers present in dead cells may also cause changes in nutrient levels 
which would favor reproduction at the expense of vegetative growth. 
Host cells near invaded tissue may be stimulated either to produce 
substances toxic to the pathogen or to produce an impenetrable cork 
barrier. The effectiveness of each of these induced barriers depends upon 
relatively slow growth of the pathogen through the tissues. 

In contrast, pathogens which cause progressive lesions may have less 
exacting nutrient requirements, they may be intrinsically less susceptible 
to toxins produced in host cells after infection, or possess mechanisms 
by which the activity of such substances is reduced. Tliey may a so not 
produce specific substances whidi stimulate the formation of phcliogen. 



262 


n K S WOOD 


movement of metabolic products of the pathogen into the rest of the 
leaf, and so restricts the spread of the pathogen The barrier, if complete 
before the fungus reaches it, effectively limits the size of the lesion 
Similar barriers are often produced in leaves damaged mechanically 
or chemically, so that in leaf spots cork formation may be a direct con- 
sequence of the killmg of cells by the pathogen 

Cork barriers develop relatively slowly and are effective only if the 
pathogen also grows relatively slowly because rapidly growing pathogens 
invade or kill the tissue before a phellogen is formed Another possibility 
is that some pathogens prevent the formation of the phellogen either by 
secretmg substances which interfere with the metabolism of the cells 
which otherwise would become merislematic, or by destroying the prin- 
ciple which diffuses from dead cells to stimulate meristen formation 
In another type of induced barrier, invasion of a cell causes it to 
produce substances toxic to the pathogen Kuc et al (1955) and Muller 
(1956) have obtained evidence for such substances in potato tubers, 
the toxic effects are not confined to the pathogen which causes the 
formation of the toxins Similar effects have been found in a number of 
other host pathogen combmations, in some of which phenols are believed 
to be the active substances Whether or not substances with more specific 
effects are produced is still an open question Such substances have often 
been the basis of attempts to explain the specialized parasitism of fungi 
such as the rusts It has been supposed that penetration of a resistant 
cell by a particular race leads to the formation of specific “antibodies 
which react with the pathogen or its toxins The effect is specific m the 
sense that these hypothetical antibodies are not formed in cells invaded 
by a race to which it is susceptible The parallel is, of course, with the 
highly specific antigen antibody reactions which occur in animals but 
it is not a close one because the effect is necessarily local and generally 
must remain so in the absence of a circulatory system So far there is 
little evidence that specific substances of this nature are produced by 
plant cells Satisfactory evidence would not be easy to obtain because 
It would be necessary to isolate such substances from plants and to 
demonstrate their specific activity If plant cells did sometimes respond 
in this way, virulence of a pathogen would depend on its inability to 
evoke a response, or to be tolerant of the substances produced 

From time to time another type of induced resistance has been 
described m which infection of a plant either causes it to be resistant 
to reinfection or causes tissues near the mfected tisue to become resistant 
Most examples of the former type come from field observations that 
successive attacks by the same paffiogen become less damaging, or from 
experiments such as those of Tischler (1914) in which plants of tu- 
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(Presumably, this definition can be considered to apply also to bacteria 
and other organisms infecting plants.) In this definition, “inoculum 
potential” is the potential of an inoculum for infection. It has the ad- 
vantage of implying that different inocula of a pathogen have different 
potentialities for i^ection, but has the disadvantage of relating this 
potential to “energy of growth” so that the definition hinges on what 
is meant by growth. By this is commonly meant the ability of an organ- 
ism to increase in size, accumulate more protoplasm, and so on. But an 
ability to grow may not be related to an ability to infect and later to 
cause disease. Infectivity may depend primarily upon the production of a 
particular enzyme or toxin, and this may happen at the expense of 
materials which otherwise would be used for growth. When used in tliis 
way, the potential of an inoculum becomes more or less synonymous with 
its virulence, that is, with its ability to become estabh'shed in a host, and 
it is in this sense particularly that the concept is relevant to the subject 
of this chapter. 

In animals it is well known that in many diseases the inoculum must 
reach a certain size before the pathogen becomes established, and that 
virulence can be altered by factors sud) as those responsible for the 
transformation of rough, avirulent types of pneumococcus into smooth, 
virulent types. At present there is little precise information about the 
operation of similar factors in plant diseases aUhough some have been 
recognized in certain root diseases where the inoculum is generally 
large, consisting of a mass of hyphae attached to a food base. The 
ability of an inoculum of this sort to invade and colonize fresh tissue 
may depend on the secretion of substances in sufficient quantity to 
destroy the barriers present in the tissue, and tl^is in turn may depend 
on the size of the inoculum, and sometimes, at least, on tlic size and 
nature of the food base. Once the pathogen lias become established, the 
functions of the food base are taken over by the freshly colonized tissue. 

In diseases of shoots, the inocula arc almost always in the form of spores, 
the internal resciA’cs of which correspond to the food bases of the root- 
infecting fungi. A pathogen may become established in tissues of a 
shoot only if substances which destroy the barriers to infection acaimu- 
late in sufficient quantit)' at the site of infection. Tliis could result from 
tlic combined action of a number of weakly virulent inocula, each pro- 
ducing a small quantity of the active substances, or because a sincic 
virulent inoculum was able to secrete relatively large quantities of the 
same substances. Unfortunately, little is knoum qualitatively or quanti- 
tatively about this aspect of infection and about the different poten- 
tialities of inocula to infect plants. It calls for a comp.irativc studv of the 
infection of sland.ird host plants under controlled conditions by different 
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It is probable that other important attributes are the ability to grow 
rapidly, and to secrete enzymes which disintegrate host tissue so tliat the 
effect of the products of metabolism are enhanced. In this way cumu- 
lative effects would be produced. Tlie defenses of the host are over- 
whelmed and barriers effective in the self-limiting lesions are not formed. 
Under such conditions, the only factor limiting colonization is^ the 
suitability of the host tissue for growth and enzyme secretion. If this be 
so, the formation of a progressive lesion depends largely on the ability 
of the pathogen to produce pectic and other enzymes which disintegrate 
plant tissues, the early stages of this process being particularly important. 
Comparable effects have been described in animal pathology where it 
IS thought that the hyaluronidase secreted by some patliogenic bactena 
may increase their “invasiveness,” by degrading the materials whic 
unite the cells of a tissue. 

The concept of “inoculum potential” (Horsfall, 1932; Garrett, 1956) 
will now be dealt with briefly because some interpretations of this 
expression are related to the problems associated with the development 
of progressive lesions. 

“Inoculum” is still used in a variety of ways but, generally, it has 
come to mean a part of a microorganism which will cause disease when 
associated with another organism under the right conditions. Thus, m 
a chamber containing spores of Venturia inaequalis and apple and 
leaves, none of the conidia would be inocula for the grass, but all viable 
conidia would be mocula for the apple leaves although some might not 
be able to cause infection under the prevailing conditions. Here, t ® 
population of viable conidia is the inoculum potential; it could also ® 
called the “potential inoculum,” or, in the sense given above, simply the 
“inoculum.” 

In this example the inoculum potential may be measured more or less 
precisely by counting the number of viable conidia in the chamber, u 
in other host-pathogen combinations measurement of the inoculum is 
much more difficult particularly when the pathogen is soil-borne. In su 
cases, the inoculum potential is estimated by placing susceptible 
in the environment and measuring the proportion which becomes dis 
eased. The figures obtained will depend on the condition of the host an 
on the environment and will give a true picture of the inoculum potentia 
only when conditions are optimal for the development of disease. 

Inoculum potential used in the above way is the amount of infective 
material present in a given environment. 

Garrett (1956) has used “inoculum potential” in a different sense 
defining it as “the energy of growth of a fungal parasite available or 
infection of a host at the surface of the host organ to be infected. 
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must be assumed that the pathogen induces changes in hvmg cells 
adjacent to the area aheady invaded, and that these changes make the 
cells resistant while they are still living, or make them unsuitable sub 
strates after they have been killed A nonobhgate parasite will colonize 
a tissue if it IS able to kill cells after a limited growth in living cells or 
m tissues killed beforehand, and able to use the dead cells for growth 
and production of substances by which it continues to kill the cells At 
the same time it must not produce substances which induce changes in 
hvmg cells of the host which make them unsuitable substrates If these 
conditions be satisfied, the pathogen will contmue to mvade the tissue 
and form a progressive lesion Such tissue so invaded is then regarded 
as susceptible 

Our understandmg of the complementary problem of resistance of 
the host, and virulence of the pathogen will, therefore, depend on know 
ing more about the reactions of the host cells to the metabolic products 
of fungi and bactena, about the physiology of the pathogen with com 
plex organic substances as substrates, and about the ways m uhich 
nutrients affect the production of substances by which pathogens pro 
duce their effects upon host plants 
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numbers of the same types of inocula, and by the same number of 
inocula produced under different conditions, or subjected to different 
treatments after their formation. 

VII. Conclusions 

For the purposes of this final discussion the resistance of a plant to 
invasion and colonization by a microorganism can be considered as the 
sum of the factors which make the tissues of the plant, whether living 
or dead, unsuitable substrates for the continuous growth of the micro- 
organism. With obligate parasites it is generally thought that resistance 
takes the form of a hypersensitivity of the cells to the parasite so that 
they die soon after they are invaded, and, therefore, become unsuitable 
substrates because obligate parasites can obtain nutrients for growth 
only from suitable living cells. It is assumed that the cells are killed by 
the metabolic products of the patliogen, either because they are par- 
ticularly sensitive to what might be considered the products of a norma! 
metabolism of the pathogen, or because the host cell causes the metabo- 
lism of the pathogen to become abnormal, the cells then being killed by 
the by-products of a deranged metabolism. There is also the possibility 
that by its growth the pathogen depletes the host cell of essential nu- 
trients, and by continuing to do so kills the cell in this way. 

The ability of a microorganism to parasitize a tissue will, therefore, 
depend upon its capacity to use the nutrients which the cell does or can 
provide, and at the same time not secrete substances toxic to the host 
cells. It may also depend upon an ability to modify the metabolism of 
the host cell so that the cell provides certain essential nutrients at levels 
which will satisfy its own requirements as well as those of the pathogen. 

Most nonobligate parasites kill the cells of invaded tissues and, for 
the most part, derive nutrients from dead cells. Generally, the cells are 
moribund for some time before they are killed so that the substrate for 
the pathogen is one in which there may be many substances not present 
in healthy cells, substances formed while the cells are functioning 
abnonnally under the influence of the metabolic products of the growt 
of the pathogen, and those formed in the series of degradative changes 
which follow death of the cells. In resistant plants, the substrate pro 
vided by the dead cells may be unsuitable for the growth of n 
pathogen simply because it contains, from the beginning, one or more 
toxic substances. It is remarkable how seldom this has been demonstrate 
More often it is likely that dead tissue becomes unsuitable for continue 
vegetative growth and for the production of substances which kill host 
cells, by the activity of the pathogen itself. If it can be shown that the 
dead tissues of a resistant plant possess none of the above properties, d 
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I ImnoDucTnoN 

The interaction of soil microfloras on plant growth exhibits con 
siderable plasticity For instance, certain microorganisms particularly 
bacteria enter mto a commensalism with roots and help certam le 
gummous plants m acquinng the all important nitrogen for their meta 
bohc needs The peculiar symbiotic relationship of the endotrophic and 
eclotrophic mycorrhizal fungi with root systems of certam forest trees 
IS another facet of the problem Heterotrophy among mycorrhizal iungi 
became evident with the recent discovery of the B vitamins Radio 
phosphorus was sho\vn to be absorbed by endotrophic mycorrhizal fungi 
and transferred to the host tissue 

Nevertheless there are other rehuonships behveen plants and micro 
273 
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organisms of the soil that are not looked upon witli favor since their 
destruction of crops can deprive man of one of his primary needs. 
Microorganisms may compete with plant roots for essential energy sub- 
strates for development of enzyme systems and primary cell funedons. 

It therefore becomes imperative to study interactions between patho- 
gens and other microflora of the soil and also behveen pathogens and the 
host root systems. Around this has grown the new concept of rhizosphere 
microfloras and their repercussions on host-pathogen relationships. This 
shift in emphasis is fortified by the discovery that many amino acids, 
sugars, organic, and inorganic substances are exuded from living root 
systems and that antibiotics and other metabolites are constantly being 
produced in situ in soils. The uptake of these complex microbial meta- 
bolic products is no longer a matter for speculation and there seems 
every reason to believe that these interfere in vivo with ionic balance 
and lead to consequent enzyme dysfunction. Clearly, therefore, in the 
study of soil-borne root infections we have to consider the varied and 
complex interactions between pathogen, soil, and host. 

II. Pathogens in Soil 

Soil microbiology as a science has come into its own and shown that 
there is a dense population of varied microbes in the soil. This microbial 
population includes several hundreds of forms of fungi, many bacteria as 
well as actinomycetes. It includes simple saprophytes and plant patho- 
gens. The pathogenic forms are capable of infecting roots of suitable 
hosts and cause disease. The very stable tobacco mosaic virus and certain 
other viruses such as wheat mosaic, lettuce big vein, and tobacco necrosis 
viruses, which lose their infeclivity much more rapidly, are soil-borne 
(see Bawden, 1950). 

Soil-bome plant pathogens differ in the type of disease they produce 
and these root diseases may be classified on the basis of the nature of 
the tissues attacked and the effects produced. 

Parenchyma diseases are those in which the parenchyma alone may 
be the center of attack and may be disintegrated. These diseases may be 
caused either by soil bacteria or fungi. Soft rot of carrots, for example, 
is caused by Bacterium carotovorum and the pathological effects pro- 
duced result from the separation of the individual cells of the paren- 
ch^a due to enzyme action whereby the middle lamella between 
adjacent cells is dissolved. On the other hand, several species of fungi 
belonging to the genera Fythium, Phytophthora, Rhizoctonia, etc. cause 
root rots, foot rots, stem rots, and damping-oS of seedlings. In all these 
cases, rotting may be due to death of cells or to the dissolution of the 
middle lamellae. The early work of de Bary and of Marshall Ward 
indicated that, following penetration of host tissue, Sclerotinia and 
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Botnjtis secreted enzymes which diffused in advance of the pathogen 
and led to the breakdown of parts of the cell membiane. The chief 
enzymes partaking in the macerating effect of many fungi and bacteria 
on plant tissues are discussed in Chapter 5, Volume I and Chapter 7, 
Volume II, and their role in root diseases will be discussed in detail 
later. 

Vascular diseases are those in which the vascular tissues, particularly 
the xylem, may be invaded and blocked resulting in wilting. These may 
also be caused by bacteria or fungi. As examples of bacterial vascular 
wilt may be cited the gumming disease of sugar cane due to Xantho- 
monas vasculorum and bacterial wilt of maize due to Xanthomonas 
stewartii. Vascular wilts due to fungi are many and are caused by 
species of Fusarium, V erticillium, Valsa, etc. The symptoms usually 
include various degrees of chlorosis, vascular discoloration, stunting, and 
wilt. Infection takes place through root systems and the pathogens are 
normally confined to the vascular elements except during the final stages 
of the disease when the plant tissues are dead and the pathogens grow 
out from the vascular elements. Cotton wilt due to Fusarium vasinfectum 
and tomato wilt due to F. oxysporum f. lycopersici are good examples. 

There are then what may be called systemic diseases in which both 
parenchyma and vascular tissues may be invaded. For instance, in the 
case of brown rot of solanaceous plants due to Pseudomonas solana- 
cearum, the symptoms are those of a general wilt followed by collapse. 

In most affected plants, a brown stain is invariably formed in the xylem. 

If infected stems are cut across, the bacteria ooze out in drops. In 
contrast to the vascular wilts, the pith and the cortex are invaded later. 
Distinct cavities filled with bacteria are formed in the pith region and 
the cortex may undergo disintegration. 

There are also many root infections which lead to hyperplastic 
diseases, which are discussed in Chapter 6, Volume I. Clubroot of 
crucifers due to Flasmodiophora brassicae, potato wart due to Stjnchy- 
trium endobioticum, and crown wart of alfalfa due to Physoderma 
alfalfae are well kno\vn examples of hyperplastic diseases of fungal 
origin. Hairy root and crown gall of plants, on the other hand, are in- 
duced by bacteria infecting root systems. What is noteworthy about 
these galls is the capacity of unlimited and unrestrained proliferation ac- 
quired by some of their cells in the absence of the crown gall bacterium. 

III. Pathogens and Root Infection 
A. Facultative and Obligate Parasites— Host Hange 

In die etiology of root diseases, infection of root systems takes place 
either by an obligate parasite or a facultative one, or sometimes even 
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by quite a different agent such as a virus Problems relating to obligate 
and facultative parasites have been admirably discussed by Brooks 
(1948) and Brown (1948) and it would be sufficient here to consider 
the question of obligate and facultative parasitism insofar as it is peculiar 
to root infecting pathogens Garrett (1956) has built up an evolutionar) 
sequence begmnmg with the obligate soil saprophytes lacking the ability 
to parasitize living plants and ending with what he terms “ecologically 
obligate parasites,” whose relationship witli the hosts is one of symbiosis 
The intermediate links in this evolutionary cham are (1) the primitive 
parasites that destroy seedlings and juvenile tissues and can live sapro 
phytically, (2) the less primitive parasites which rapidly destroy plant 
tissues and are less lestricted by the host than (1), (3) the specialized 
parasites that cause less disorganization of the host tissues and do not 
exhibit saprophytic activity other than passive survival in tissues m 
vaded as parasites 

Although Garrett’s classification refers to root-infecting fungi, it 
should be applicable to othei root infecting pathogens also However, 
in our view, this evolutionary sequence does not necessarily imply an 
inverse relationship between parasitic specialization and saprophytic 
ability such as has been underlined by Garrett throughout his treatise on 
the biology of these pathogens A facultative parasite, for instance, m 
having acquired the ability to parasitize a host, certainly need not be 
considered to have lost its saprophytic ability even in a small measure 
In other words, it is not less of a saprophyte than the so called obligate 
saprophyte because it has acquired the ability to parasitize a host plant 
That this IS so becomes obvious from a comparative analysis of the 
competitive saprophytic ability and parasitic specialization seen among 
root mfectmg fungi For instance, comparison may be made between 
Fusarium vasinfectum, the cotton wilt pathogen, and Sclerotium cepi 
vorum which causes white rot of onions and related hosts The former 
causes a typical vascular wilt and, m its relationship with the host, hardly 
causes any decay or necrosis, but normally invades the xylem elements 
whence it produces metabolites (vivotoxms) whose activity on host 
tissues leads to wilting Sclerotium cepworum, on the other hand, causes 
a rot of the host tissues, presumably by enzymatic action Insofar as 

usarium vasinfectum causes little necrosis of host tissues and tends 
toward a somewhat balanced relationship with its host, it may be con 
sidered more specialized than Sclerotium cepivorum When, however, 
the competitive saprophytic ability of these two pathogens is compared, 
it IS found that they are closely similar That Fusarium vasinfectum 
makes httle free mycelial growth m unstenlized soils, but is capable of 
long periods of survival therein as a colonizer on dead plant remains. 
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is now an established fact (Subramanian, 1950). Sclerotium cepivorum 
behaves in exactly the same way, as shown by the recent work of Scott 
(1956a, b). Thus, Fusarium vasinfectum, notwithstanding its parasitic 
specialization, possesses as much competitive saprophytic ability as that 
shown by Sclerotium cepivorum and, indeed, both may be grouped as 
soil inhabitants, as defined by Garrett (1956). On the other hand, Fu- 
sarium iidum, which causes a vascular wilt of Cajanus cajan similar to 
cotton wilt, appears to possess much less competitive saprophytic ability 
than Fusarium vasinfectum, although the parasitism of these two patho- 
gens is practically of the same order of specialization. Indeed, in the 
case of F. tidiim it has been shown that it can persist in soils only as a 
colonizer on host tissues which it originally invaded as a parasite (see 
Subramanian, 1954), a behavior strikingly reminiscent of that of Ophio- 
bolus graminis (see Garrett, 1956). These examples clearly show that 
little support can be accorded to the view that specialization of para- 
sitism brings along with it loss in competitive saprophytic ability. While 
this is so in some cases, it certainly cannot be a general rule and cannot, 
therefore, form the backbone of any logical arrangement of behavior 
patterns of these organisms. 

The concept of “ecologically obligate parasites"' (Garrett, 1956) 
proposed to take in the mycorrhizal fungi, again suggests that the 
mycorrhizal habit is the end product of specialized parasitism. This may 
be so in some cases but, as pointed out by Bawden (1957), “there seems 
no need to assume that such conditions only arise from a long period of 
evolution, or that parasites must always evolve from virulence through 
avirulence to symbiosis.” 

The subject of host range necessarily requires treatment in any con- 
sideration of parasitic behavior of root-infecting pathogens. Here again 
an extraordinary range in variability is met with, with many pathogens 
showing preferential pathogenicity on a few host species and others 
being omnivorous. Between these two extreme types intermediate forms 
also occur. Parasitic specialization leading to balanced or obligate 
parasitism need not carry with it restrictions in the choice of hosts, 
although this does occur in some cases. Conversely, some facultative 
parasites, although undoubtedly less specialized than the balanced ones, 
may exhibit a high degree of specialization in host choice. Consider, 
for instance, Plasmodiophora brassicae which causes clubroot of cruci- 
fers. For a long time, this obligate parasite was considered to be cap- 
able of infecting only cabbage and other crucifers, but the recent work 
of Webb and of Macfarlane (sec Macforlane, 1952) has removed this 
misconception. From tlie work of these investigators it is clear that tliis 
fungus can infect root s>'stems of nonemciferous plants such as Tropaco- 
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lum majus, Reseda odorata, Papaoer rhoeas, Agrostis alba var. stolonifera, 
Dactylis glomcrata, and Lolitim pcrenne. In none of these, however, is 
the fungus known to produce clubroot symptoms following infection. 
Root hair infection of seedlings of Matthiola incana, M. bicornis, and of 
Lepidium sativum has also been observed and in L. sativum, infection 
was followed by clubroot symptoms. Further, among the Cruciferae, the 
pathogen has a wide host range. Similarly, Synchytrium endobioticum 
is another obligate parasite which infects, besides potato and tomato, 
Solanum nigrum, S. dulcamara, and other species of Solanum, Hyosetja- 
mus niger and Nicandra phtjsaloidcs. Tlic host spectrum of this fungus 
is thus limited to the Solanaceae. Spongospora subterranea, which causes 
powdery scab of potatoes, likewise infects a few other hosts belonging 
to the Solanaceae. A further restriction in host range is met with in the 
case of another obligate root parasite, Physoderma alfalfae, which infects 
only common alfalfa, Medicago saliva and M. faJeata. It would appear 
that none of the root-infecting obligate parasites shows preference to 
less than two host species. 

The greater number of root-infecting pathogens, no doubt, are of the 
facultative type and among these also we do find a narrow or a wide 
host range Species of the genera Pythium, Sclerotinia, Rhizoctonia, 
Armillaria, Femes, Ganoderma, Fusarium, and VerticUlium, to cite only 
a few examples, are omnivorous and can infect an appallingly wide range 
of hosts which may be closely related or not related at all. Other facul- 
tative parasites appear to have a host spectrum limited to related plants 
belonging to a single family or sometimes to a single genus. Thus, 
Sclerotium cepivorum, Botrytis allii, and Collet otrichum circinans can 
infect only species of the genus Allium, and Fusarium oxysporum f. 
lycopersici attacks only two species of Lycopersicon. Examples may also 
be cited here from among soil-bome bacterial pathogens. Corynebac- 
terhim fascians, which causes leafy gall and fasciation in chrysanthe- 
mum, dahlias, etc., is apparently specialized in its parasitism since it 
causes hyperplastic disease, but is able to infect plants belonging to 
different families. Pseudomonas solanacearum causes brown rot of 
several Solanaceae, and Bacterium tumefaciens infects a large number 
of related and unrelated host species. On the other hand, Xanihomonas 
hyacinthi infects only a single spetnes, Hyacinthus orientalis, and Xantho- 
monas vasculorum mfects only sugar cane 

The examples just cited include root-infecting pathogens of varying 
degrees of specialization in regard to the types of disease caused. Pro- 
gressive limitation in host range does not necessarily accompany progres- 
sive specialization in parasitism of root-infecting pathogens. These two 
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are obviously independent tendencies which have found expression to 
varying, but not necessarily equal, degrees in different root parasites. 

B. Infection: Prepenetration and Penetration Phases — Physical, 
Chemical, and Physiological Aspects 

Root infection is an essential condition for root disease. The process 
of infection in root disease has been studied by a number of worJcers 
and the principles underlying root infection are in general much the 
same as those that hold for aerial infections. Spores of pathogenic fungi 
or inocula of other disease causing agents occur in soils, often in great 
abundance, and in the case of sporulating forms there are obviously a 
number of factors which would affect their germination. Indeed, in the 
case of all pathogens, infection depends on various factors: (a) viability; 
(b) conditions suitable for germination and penetration. In any given 
soil, spore germination depends largely on a suitable combination of 
moisture content, temperature, oxygen supply, pH and, in some cases, 
the presence of suitable nutrilites. 

Many years ago, Brown (1948) showed that there is a certain amount 
of “exosmosis” of materials from host tissues, leading to a chemotropic 
stimulus for spore germination and infection. This postulate is par- 
ticularly true of soil-borne pathogens since it is known that root exudates 
from living plant roots may influence spore germination and root infec- 
tion considerably. For instance. Noble (1924) showed that germination 
of spores of Urocystis tritici was stimulated by roots of nonsusceptible 
plants, e.g., pea, bean, and rye, and also by traces of benzaldehyde, 
salicylaldehyde, acetone, and butyric acid. Macfarlane’s work (1952) 
indicates that simiiar stimviation of resting spore germination in 
Plasmodiophora brassicae is brought about by several cruciferous and 
noncruciferoiis species resistant to clubroot. In the same way. Datura 
stramonium has been reported to stimulate germination of spore balls 
of Spongospora subterranea, without the subsequent development of the 
disease in the root system (White, 1954). The potato plant is knoun to 
secrete into the soil substances tending to break the dormancy of spores 
of the potato wart fungus, Synchytrium endobioticiim. Varieties of flax 
resistant to wilt caused by Fusarium oxysponim f. Uni are knoivn to 
excrete hydrocyanic acid through their root systems and this was sliou-n 
to depress the growth of the pathogenic Fusarium and also of Jlclmintho- 
sporium. Further, hydrocyanic acid was also shoum to cncourace the 
growth of saprophytic fungi such as Trichodemw viridc which arc 
antagonistic to plant pathogenic forms (Timonin, 1941). Root cxcrcfmns 
of susceptible flax varieties do not appear to contain appreciable amounts 
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of hydrocyanic acid. In the same way, Buxton (1957a, b) found that 
exudates from tlie roots of pea varieties stimulate the germination of 
spores of races of Fusarium oxtjsporttm f. pisi to which the varieties are 
susceptible and inhibit that of races to which they are resistant. He also 
found that, when a variety resistant to the race present in the soil was 
grown, wilt incidence of a susceptible variety grown in that soil sub- 
sequently decreased. 

These observations are of great significance in understanding the 
biology of root infections since they indicate that spore germination 
around the rhizosphere and subsequent infection would be greatly 
influenced by exudations from susceptible and nonsusceptible root sys- 
tems. Where stimulation of spore germination is achieved with the aid 
of nonsusceptible plants, possibilities of reducing the effective survival 
of spores in soil and bringing down the inoculum potential to an in- 
nocuous level have been envisaged. However, little is known about the 
stability of these exudates in soils and it is probably not likely that they 
remain effective to a sufficient extent in space and time to be active m 
breaking spore dormancy. 

The infection process itself deserves to be discussed here in some 
detail since we do find among the root-infecting fungi distinctly different 
patterns of behavior. De Bary’s hypothesis of “killing in advance of 
penetration” proposed to explain infection by facultative parasites was 
challenged and disproved by Brown (1948) who worked with Botrytis 
cmerea and presented evidence showing that the host cells are not killed 
by this facultative parasite until after it penetrates the cuticle of the 
host. According to Brown, direct penetration through cutinized walls is 
believed to be entirely by mechanical pressure, since no cutin-dissolving 
enzyme has been demonstrated in fungi. The root-infecting fungi nor- 
mally encounter a host substratum devoid of cutin. Penetration of such 
noncutinized walls may be either by mechanical pressure or by the dis- 
solving action of enzymes secreted by the fungus, or both. Many patho- 
gens enter the host at the points of emergence of lateral rootlets and 
several infect tlirough wounds. The so-called “wound parasites” are those 
which cannot infect by direct penetration but only through wounds. Sucli 
wounds may be the result of root injury due to various causes, including 
injuries due to animals. 

Finally, mention must be made of root infection by plant viruses 
(Bawden, 1950). There is evidence that such infection does occur, 
notwithstanding the conflicting reports published by different workers. 
For tobacco mosaic vims it has been claimed repeatedly that the soil 
is a common source of primary infection; on the other hand, it has also 
been shown that root infection docs not take place commonly even if the 
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roots are deliberately wounded. In the case of tobacco necrosis viruses, 
the roots get easily infected, but there is little movement of the viruses 
from the roots to the tops and the tops show no symptoms. This is 
surprising in view of the fact that when the leaves are inoculated with 
the viruses, they spread to all plant parts including the roots. That this 
reluctance to invade the tops from the roots is not common to all viruses 
is shown by the work of Roberts (1946) who found that potato virus X 
can spread from infected to healthy plants which are in contact only 
below ground, and tomato plants infected through their roots showed 
leaf symptoms. 

Granting that parasitism and specialization are later products of an 
evolutionary tendency, we have then among the root-infecting pathogens 
infection behavior patterns from the simple to the highly specialized. 
The forms that ‘Tcill in advance of penetration” should possibly find a 
place low in this scale of evolution, followed by the so-called “wound 
parasites.” The forms that show the ability to penetrate mechanically 
the host surface are evidently more specialized. The peak of this tend- 
ency is found in some pathogens such as OphioboJus graminls causing 
take-all of wheat (Garrett, 1956) and Phialophora radicicola attacking 
maize roots (McKeen, 1952) where the fungi spread e.Ktcnsively along 
the living root systems of the hosts mainly by brown runner hyphac and 
produce, in addition, fine infection hyphae which penetrate the host 
tissue at many points. Finally, it is a point of more than ordinary interest 
that most of the obligate root parasites arc capable of direct penetration 
of at least younger root tissue. 

C. Factors Concerned in Pathogenicity 

1. The Pathogen: Inoculum Potential; Physiological Requisites for Patho- 
genicity and Disease Development — Enzymes, Vivotoxins, Antibiotics, 
etc. 

Since infection is the first step in pathogenesis, presence of the patho- 
gen is also implied as a prerequisite. Usually, mere presence of tlic 
pathogen alone is also insuificient for successful infection and patho- 
genicity; inoculum of the pathogen will have to be present in qiianti’t\. 
Inoculum potential, then, is the effective concentration of inoculum per 
Unit area of root surface needed for pathogenicity (Garrett, 1956). TIic 
term thus connotes not only presence but also effectiveness of the inocti- 
lum. Roth the concentration and effectiveness of inocttla in soilt uilJ 
depend on the many factors, which arc fully discussed in Cliaplcr 2 of 
Volume III. Depending on the conditions under vliich the host .anti the 
pathogen interact, and .also the nature of the Iiost and the patl.ogcn. .a 
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minimum concentration of infecting units may be needed for successful 
infection. Following Gaumann (1950), this may be termed the numerical 
threshold of infection. Where, as in susceptible hosts and virulent patho- 
gens, the chances of infection are high, the numerical threshold is low. 
In the case of root diseases in general, a single spore may be ineffective. 
In the case of potato wart, for example, 200 resting sporangia of Sf/n- 
chytrium endobioticum per gram of soil are necessary to cause disease 
Similarly, in the case of snow mold of wheat due to Fusarium nivale, 
at least 10,000 conidia per milliliter of inoculum are needed; in tomato 
wilt due to F. oxysporum £. Itjcopersici, even with a virulent strain, 
700,000 conidia per milliliter of inoculum are essential for pathogenicity. 
The further need of a food base providing nutrients is seen in many 
root-infecting pathogens such as Fames Ugnosus, Armillaria mellea, 
Xylaria malt, Phymatotrichum omnivorum, and Rhizoctonia crocorum. 

Many other factors influence pathogenicity, among which are en- 
zymes, vivotoxins, and antibiotics- The essentiality of enzymes for living 
systems is generally appreciated. It did not, however, fall to the lot of 
plant pathologists to unravel the mysteries of enzyme chemistry of phyto- 
pathogenic fungi and bacteria until the early twenties when Brown 
(1915) initiated his studies on enzyme systems of fungal facultative 
parasites and, indeed, he has recently reviewed the entire field in a 
masterly fashion (Brown, 1955). 

From the plant pathological point of view, pectolytic enzymes that 
are known to attack cell wall constituents and their production in vitro, 
and the ultimate correlation of this knowledge of in vivo functional 
mechanisms have found much favor and many active preparations from 
fungi, such as Botrytis cinerea, Pythium spp., and many soft rotting 
bacteria have been made. There is, however, no parallelism possible 
between the pathogenic potentialities of the organism and its in vitro 
enzyme production. The role of pectic enzymes in tissue disintegration 
is discussed in Chapter 5 of Volume I, and Chapter 7 of Volume 11, ^md 
need not be elaborated here. 

^Vherever there is evidence of en 2 :ymatic action on the cell wall it is 
generally conceded that there would appear no need to postulate the 
presence of a killing agent. It is true that there is evidence for a 
number of microbial metabolites injuring host protoplast, but not in 
all cases have there been justification and experimental proof for 
their production in vivo in sufficient concentration to have caused the 
injury. Tliere seems little doubt that substances of largo molecular 
sizes can be dislodged or liberated by enzymatic action on cell pectic 
substrates and these can create a situation in vessels and possibly in the 
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pores of pit membranes resulting in clogging and consequent internal 
resistance to water conduction. 

Much applied work on wilt toxins (See Chapter 9, Volume II) and 
application of this fundamental knowledge of pectolytic enzymes has 
been reported in recent years. Reviews on the subject by Dimond (1955) 
and Walker and Stahmann (1955) have admirably summarized these 
facts. 

It is this newer concept bom of fundamental studies on pectolytic 
enzymes of the cell that has to be considered next under the head vivo- 
toxin. In other words, the sequence of enzyme action, and vivoloxins 
have now to be discussed ad lib in the succeeding paragraphs commen- 
surate with tile progress made in their study. This new term “vivotoxm” 
has been defined as a substance produced by the pathogen or its host, 
or both, which operates in the causation of disease but is not in itself 
the primary agent (Dimond and Waggoner, 1953a). Lycomarasmin pro- 
duced in vitro by Ftisarium oxysporum f. lijcopersici does not seem to 
answer the test and is probably not a vivotoxin, but fusanc acid (pro- 
duced in vitro by a number of fusaria: F. vasinfectum, F. heterosporum, 
F. oxysporum f, lycopersici, F. orthoceras, Glbberella fujikuroi) is now 
regarded as a certainty in opening the new list of vivotoxins (Lakshmina- 
rayanan and Subramanian, 1955) along with ethylene produced in 
Fusarium cultures (Dimond and Waggoner, 1953b). Relatively little, 
therefore, is kno^vn of this group of toxins and it would be necessary to 
analyze critically newer toxins of microbial origin that affect plants and 
assign them by grouping together metabolites with specificity of action 
in the causation of disease syndrome. 

Antibiotics of interest to plant growth and disease production have 
been in the limelight for well over a decade and tliis subj’ect has been 
reviewed more frequently than any other branch of plant pathoIog>' 
(Brian, 1949, 1957; Gaumann, 1954, 1957). Much work has been done 
on the stabihty of antibiotics in soils when added from external 
sources, and positive proof of their remaining potent for Jong periods 
under varying microbial antagonism has been obtained. Likewise, the 
production of antibiotics in soils fn situ by common soil organisms not 
only has been proved to occur in many t>'pes of soils but it is now con- 
sidered to be of fairly widespread occurrence Furthermore, the move- 
ment of quite a number of antibiotics from soils into plants, through 
their roots into their leaves, with considerable rapidity, depending on 
the metabolic state of the plant and its environment, is now an estab- 
lished fact. 

Tlic role of vivotoxins in plant disease is a related subject, discussed 
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in Chapter 9 of Volume II Fusanc acid, a pyridine carbovylic acid, 
IS an example of a vivotoxm and, fusaric acid, like lycomarasmin, has 
metal bmding properties (Lakshminarayanan and Subramanian 1955) 
Much work done with T vasinfectum and neat fusanc acid on the cotton 
plant has recently been summarized (Sadasivan, 1958) Some of the 
highlights may be mentioned here The addition of zmc to m vitro cul 
tures of r vasinfectum increases the output of fusaric acid, the optimum 
being 0 24 mg per liter and levels higher than this inhibit the production 
of this toxin (Kalyanasundaram and Saraswathi Devi, 1955) Possibly 
nonprotein source of nitrogen in the host is more conducive to fusaric 
acid output, and diploid susceptible varieties of cotton have less protein 


and more of nonprotem nitrogen Cystine occurring in higher quantities 
in the resistant tetraploid cotton variety tested appears to be a Iimitmg 
factor to wilt and presumably to fusanc acid output tn vivo (Lakshmina 
rayanan, 1955) Curiously enough, soil amendments with zinc — and 
growing susceptible plants in them — result m the liberation of cystine 
even in these plants which appears to confer resistance to f vasinfectum 
in infested soils, and the susceptible variety virtually behaves like the 
resistant one (Subramanian, 1956) Growing susceptible diploid cotton 
plants m inoculated soils at temperatures of 32 5®, 35 0®, and 37 5® C 
resulted in an apparent recovery or masking of symptoms at 37 5 , 
whereas at the two lower temperatures wilt symptoms were prominent 
Such recovered plants, however, showed higher quantities of fusaric 
acid and cystine than low temperature ones, indicating that this excess 
cystine chelated with some heavy metal(s) m vivo, thus rendering them 
unavailable for fusanc acid potentiation (Kalyanasundaram and Subba 
Rao 1957) Spectrochemical analysis of the ashes of susceptible diploid 
and resistant tetraploid cottons, healthy and infected, showed depletion 
of the key element potassium in tissues of infected susceptible plants 
whereas calcium, magnesium, and other elements were on the increase 
(Sadasivan and Saraswathi Devi, 1957) However, the overall picture 
was one of increase in metallic accumulation as shown by greater con 
ductivity in the diseased susceptible plants (Gnanam, 1956) Further, 
there was a basic difference m the pattern of ionic absorption between 
the diploid and the tetraploid plants, the former taking up much higher 
quantities of cations than the latter It appears that further studies on 
the plasma membranes and the gene controlled mechanisms of these 


genetic materials and its consequent repercussions on tn vivo chelations 
with vivotoxins may add considerably to our knowledge of the behavior 
pattern of host plants under toxemia 


Pathogenesis is a connected sequence of events involving extraneous 
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sources of energy substrates in the soil such as cellulose, essential min- 
erals, vitamins, sugars, protein breakdown products including a multi- 
plicity of amino acids, and, in fact, complex fractions such as root exuda- 
tions and products of microbial synthesis such as the en 2 ymes, vivo- 
toxins, and antibiotics. These should be assembled before us if we are 
to understand every stage leading to reversible and irreversible in vivo 
changes in plants. 

Recent investigations by Paquin and Waygood (1957) seem to lead 
one on to a new approach. They have indicated the presence of an active 
cyclophorase system capable of oxidizing the principal acids of the 
Krebs cycle in mitochondria from hypocotyls and cotyledons of tomato 
seedlings. Lycomarasmin and fusaric acid, produced by Ftisarium oxtj~ 
sponim f. lycopersici, inhibit the succinoxidase and cytochrome oxidase 
activity of the mitochondria at a concentration of 10 * M. The inhibition 
was overcome by the addition of catalytic amounts of cytochrome c. 
No effect was observed on succinic dehydrogenase. Tlie toxins seem to 
inhibit enzyme activity by affecting the integrity of the mitochondria 
allowing diffusion of cytochrome c from active sites These authors 
support the idea that lycomarasmin and fusaric acid could possibly affect 
host metabolism by removing cytochrome c from the active sites, thus 
causing disturbances in linked-enzyme systems rather than by destroying 
the semipermeability of the plasma membrane. They also categoricall}' 
state that lycomarasmin and fusaric acid are not involved in the wilting 
of tomatoes because concentrations of toxins required for the complete 
inhibition of the succinoxidase activity of tomato mitochondria appear 
to be too high for these toxins to be specific inhibitors and, further, the 
lycomarasmin inhibition of the succinoxidase activity was not increased 
by the presence of free iron (FeCb). They, however, admit that tlic 
observation of the presence of free iron leading to potentiation of lyco- 
marasmin is a valid one. In other words, iron chelation in vico, already 
referred to, is not ruled out. 

The enzyme story is a sound enough argument for the initiation of 
tissue disintegration and especially middle lamellae of cells but may not 
itself be adequate to explain the whole sequence of events. Tlic rapidity 
of movement of the vivotoxins must be studied more vigorously. If 
cytochrome c disturbance is not to be considered to explain fully the 
alleged loss of semipcrmcabiiity of llic plasma membrane as indtcalcd 
by ionic derangement, further experimental work has to be undcrt.ikcn 
to find out alternative cxplanaU'ons for this rapid ionic imbahnee. A 
wider range of genetic plant material should be used inasmuch as the 
pattern of movement of ions appears to Ixj xen* different in diploid and 
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tetraploid cotton plants (Sadasivan and Saraswathi-Devi, 1957). One 
shrinks from suggesting the inclusion of polyploids, allotetraploids, and 
other genetic materials. 

2. The Host: Resistance or Susceptibility 

That pathogenicity will also depend on the innate nature of the host 
is too well-known to require any detailed treatment here. Varietal resist- 
ance or susceptibility to root disease caused by both obligate and faculta- 
tive parasites is quite common. For example, varieties of potato resistant 
and susceptible to wart have been known for a long time. Invasion of 
all varieties does occur, but in those which are highly resistant, the 
pathogen fails to induce any symptoms and no resting spores or proson 
are produced (Walker, 1957). In fact, a very wide variability in response 
to infection occurs, some varieties producing no warts or only very tiny 
ones, and others inducing the formation of conspicuous and large warts. 
In the case of cabbage yellows due to Fusarium oxysporum f. conglu- 
tinans, two types of resistance are known, one of which (type A) is 
inherited qualitatively and the other (type B) quantitatively. 

Susceptibility or resistance may often, but not always, be modified 
by the soil environment and by host nutrition. For instance, resistance 
of the tomato variety Marglobe to fusariose wilt is markedly influenced 
by the type and concentration of host nutrition, but the high resistance 
of the red-currant tomato is not affected. Similarly, with cabbage yellows, 
resistance of type A plants is not affected by host nutrition, whereas in 
both the type B resistant plants and susceptible plants disease percentage 
is inversely proportional to concentration of nutrients and to level of 
potassium supplied. 

3. The Soil: Physical, Chemical, and Biotic Factors; Cultural Practices 

Tliat the environment has a marked influence on infection and 
pathogenicity is well known. In the case of root diseases, the soil environ- 
ment is of particular importance. This environment includes not only 
the rhizosphere of the host plant but also the soil away from the 
rhizosphere. 

The soil environment reflects the combined effects of a number of 
factors: physical factors such as soil type and texture, moisture, aeration, 
pH, and temperature; chemical factors which include the mineral status 
(nitrogen, phosphorus, potassium, and heavy metals) and organic matter 
of the soil; and biotic factors. Besides these, the soil environment is 
usually modified also by cultural practices. Recent research shows 
that the soil environment does not usually permit an easy analysis of its 
effects. In the case of fusariose wilt of pea, for instance, 28® C. is the 
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Optimum temperature for the growth of the pathogen, but the tempera- 
ture-disease curve rises from a minimum at 15° to an optimum at 21° 
and tlien falls again to another minimum a little above 30°. In sand 
culture, however, the temperature-disease curve shows a peak at 28°, 
conforming largely to the temperature-pathogen curve. These observa- 
tions are suggestive of the operation of the microbial factor as a modify- 
ing influence on pathogenicity in soils alone but not in sand culture (see 
Walker, 1957). Similarly, the temperature-disease curve may also be 
modified by the nature of the host. This effect is well seen in the case 
of Gibberella zeae causing seedling bh'ght of wheat and of com. The 
temperature-growth curve of this pathogen is similar to that of the pea 
wilt Fusarium and appears not to be directly related to the temperature- 
disease curve. This curve shows an optimum of 20° C. or above for 
wheat, a low temperature plant, and an optimum below 20° for corn, 
a high temperature plant. Thus, with both hosts, the fungus is least 
pathogenic at the optimum temperature for the growth of the host. 

The interaction behveen the various physical, chemical, and biotic 
factors of the soil in influencing root diseases is best illustrated by data 
obtained on soil microfloras and their effects on soil-bome diseases. 
Cotton wilt, due to Fusarium vasinfectum, has been intensively studied 
from this angle and a summary of the highlights of the results obtained 
(see Sadasivan and Subramanian, 1954; Sadasivan, 1958) will prove very 
instructive here. In India, wilt is confined to di stinctly alkaline soils w ith 
a pH of 8-9. The addition of certain heavy metals such^Vboron, zinc, 
ifoh7 ^bd manganese is known to control wilt and there is evidence to 
show thal the microbial numbers in the rhizosphere and in soil away 
from rhizosphere increase considerably in the presence of these amend- 
ments. It has further been sho\vn that the addition of aluminum, lithium, 
boron, zinc, manganese, and iron to these soils also limits saprophytic 
survival of fusaria on plant debris. These facts indicate that reduction 
in pathogenicity which accompanies addition of these heavy metals to 
the soils is due at least in part to increased microbial antagonism to the 
pathogen in the soil and in the rhizosphere, although the possibility of 
increased host vigor and resistance cannot be ruled out. A point of 
further interest here is the controlling influence of pH and of combina- 
tions of these elements on their effectiveness in root disease control. 
With iron and manganese in 2 : 1 combination (40 p.p m. iron : 20 p.p.m. 
manganese), for instance, maximum increase in microbial numbers in 
soils and greatest protection to cotton plants from wilt were both seen 
at pH 6. It is also known that microbial activity in these soils as well as 
saprophytic survival of Fusarium vasinfectum therein are interrelated 
and these in turn, are modified by soil temperature, soil moisture, soil 
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aeration, and also the nutrient status of tlie soil (Subramanian, 1950). 
That addition of organic nitrogen in the form of organic manure may 
also give protection to plants from wilt is evident from the work of 
McRae and Shaw on wilt of pigeon pea and of several workers on cotton 
wilt; even here the protection seen appears to be the result of increased 
microbial antagonism to the pathogens (Sadasivan and Subramanian, 
1954). 

In the case of soil-borne tobacco necrosis virus, the observation that 
host plants growing in bacteriologically sterile conditions and in water 
culture are not infected, but contract the disease in soil that has been 
recently sterilized, may be interpreted to mean that some members of 
the soil microflora serve as hosts for the virus; however, Bawden (1950) 
records that no experimental evidence for this hypothesis could be 
obtained. 

Finally, it may be mentioned that synergistic effects between path- 
ogens are also common and in many cases root diseases may be caused 
by mixed infections by more than one pathogen. 

4 The Rhizospherc: Pathogen in the Rhizosphere and Its Relation 

to Other Rhizosphere Mterofiora, the Microfiora of the Soil, Root 

Exudates, etc. 

It is probably well to begin by defining rliizosphere. ^soil_ecoIpgic 
region inside which the soil is subject to specific influence of^lant roots 
is the rhizosphere, the credit for this definition goes to Hiltner (1904). 
It is a matter of surprise that the import of this impact of the growing 
root on the soil medium through which it grows failed to draw much 
attention until the thirties when Starkey (1929) revitalized the subject 
and did real creative thinking in this fascinating field of research. Since 
then, much work has been done and many excellent reviews on the 
subject have appeared (Katznclson ct aL, 1948; Harley, 1948; Clark, 
1919, Garrett, 1956). Consideration of the rhizosphere as a region of 
intense microbial activity would logically concede that the root surfaces 
arc normally a more potent source of energy than the soil adjacent to 
plant roots and to designate this the term "rhizoplane” has been sug- 
gested which includes in its definition external surfaces of plant roots 
together with closely adhering particles of soil or debris. Other terms 
such as “outer rhizosphere'’ and “closer rhizosphere” have been used to 
designate sites of microbial concentration. Despite these newer ter- 
minologies. more recent investigations into many aspects of this complex 
problem of root exudates and microbial activity seem to favor and 
justify the use of just two terms, the rhizosphere to denote soil region 
adjacent to plant roots and the rhizoplanc to indicate plant root surfaces. 
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There is, however, need for familiarity with one more technical term, tJie 
“rhizosphere eEect ” since on a proper understanding of it depends the 
quantitative assay of rhizosphere problems. The rhizosphere effect is the 
ratio of the number of organisms in the rhizosphere (which in our view 
includes the rhizoplane) and the number fn the soil outside the rhizo- 
sphere, calculated on a soil dry weight basis. This is generally expressed 
as a positive effect if the ratio exceeds one, and negative if fractional. 

'—Rhizosphere or rhizoplane microfloras and their relationship to pro- 
duction of antibiotics in situ have naturally broadened the field of 
inquiry and many new techniques have been evolved for detecting these 
products of microbial synthesis but it would appear futile to cover that 
ground, since our immediate taslc is to understand the rhizosphere in 
relation to root disease pathogens in as broad a sense of the term as 
possible. The building up of an active rhizosphere or rhizoplane in 
germinating seedlings does not take long and, indeed, Timonin (1910) 
showed that seedlings only 3 days old had 11 to 28 times as great a 
rhizosphere population as elsewhere in the same soil. It is now known 
that microorganisms seldom occur on the root tip and their appearance 
is governed by normal plant development rather tlian root growth. In 
other words, it is intimately connected with active and normal plant 
metabolism and, therefore, primarily on root exudations. Evidence indi- 
cates that this process is not a one way affair, in fact, the activities of 
microorganisms in the soil of the rhizosphere include decomposing of 
sloughed-off root caps, root hairs, cortical and epidermal cells, and 
mak-ing available organic and inorganic nutrients for absorption. Tlic 
soil inhabitant class of organisms and tlic soil invaders have, therefore, 
an important part to play in these processes and together these floras 
constitute what one might designate as microecology in the broadest 
sense of the term reflecting as it docs on the products of metabolic 
functions of the rhizoplane and the rhizosphere. Prcliminarj’ ohserx'.ations 
(Winter and Willeke, 1951a, b) on the properties of powerful antibiotics 
derived from the plants Auextha japonica and Mrjrtus communit indicate 
their potential influence on the ccologj* and sociology of the inicrohinl 
population of the rhizosphere. 

Working with tropical soils, Agnihothnidu (19>1) slioucd tint (he 
rhizosphere of the wilt-suscepC/bIc \-ar/cty of pfecon pc.i. Coimws cajan 
(Spreg.) Millsp. was more conducive to the suniva! of its cntjsa! ncent. 
Fusarium tidum, in contrast to the resistant varieties. Funher. ihc aclino- 
mjcctcs antagonistic to F. udum were present in l.irce ntiml>ers h» tl.e 
rhizosphere o> the resistant varieties. TliC sicnifiennee of this finding k 
becoming more obvious uith recent inwstigations compiring the rhi.'o \ 
sphere floras of resistant and siwceptiWc \*an*ctics of crop phnls 
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It was shown earlier by Agnihothnidu (1953) that Aspergillus spp. 
predominated in the rhizospheres of potted plants, particularly Sorghum 
dochna var. irungu and cotton, from 15 days to 3 months after germina- 
tion. In general, both in the unplanted soil and in the rhizosphere the 
percentage of Aspergillus spp. decreased toward the final estimation 
except that there was an increase in those plants that flowered, viz., 
Phaseolus vulgaris, Cijamopsis tetragonoloha, Sesamum indicum, and 
Crotalaria juncea Penicillium spp. also increased gradually in numbers 
as the plants grew older. The changes in total numbers of fungi cor- 
responded roughly to the dianges in numbers and percentage of Asper- 
gillus and Penicillium. Fusarium spp. were encountered regularly in the 
rhizosphere dilutions but very rarely in the control soil, the highest 
increase occurring with pigeon pea and the lowest with S. dochna var. 
irungu, possibly indicating an inhibitory root exudate in the case of 
sorghum. Macrophomina phaseoli and Neocosmospora vasinfecta were 
observed microscopically in the rhizoplane of all seedlings except 
sorghum but the organisms did not grow in dilution plates. In addition, 
eleven other genera of fungi were obtained from the rhizosphere, and in 
plants that flowered, there was a definite increase in the numbers and 
percentage present at the final estimation. 

These results have found support in a more recent investigation into 
the rhizosphere floras of pea infected by Fusarium oxysporum f. plsi 
(Buxton, 1957a, b). Four pea cultivars which are differential hosts for 
the physiologic races of the pea wilt fungus F. oxysporum f. pisi exerted 
differing effects on the soil microflora. The cultivar susceptible to race 1 
supported more fungi, bacteria, and actinomycetes near its root surface 
than do the cultivars that resist race 1. Spores of a race that can cause 
wilt to a particular cultivar germinate well in soil extract from that 
cultivar, whereas germination decreases in extracts from rhizospheres 
or in root exudates of a resistant cultivar. Similarly, the susceptible 
cultivar willed severely where the susceptible cultivar was previously 
grown and inoculated with race 1, whereas wilting was less and devel- 
oped more slowly when the cultivars resistant to race 1 had been 
previously cropped. Possibly, substances exuded by roots of cultivars 
resistant to race 1, prevent race 1 from germinating. 

Sulochana (193S) has recently undertaken a quantitative study of 
the microfloras of the rhizosphere of cotton plants and has used reliable 
bioassays for analyzing exudates. Tlie results are of far-reaching sig- 
nificance. Tlic choice of soil was confined to the heavily wilt-sick soils 
from southern India where as many as fourteen species of pathogenic 
fusaria have been isolated before (Subramanian, 1931), the most pre- 
dominant species being Fusarium vasinfcctum. The rhizosphere floras 
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of two genetic strains of two species of cotton (the diploid susceptible 
Gossypium arboreum race indicum L. and the tetraploid resistant G. 
hirsutum L.) were examined. In both species the amino acid requiring 
bacteria were qualitatively larger in numbers than the vitamin requiring 
bacteria. Quantitatively, higher numbers of both groups of bacteria 
existed in the rhizosphere of diploid strains than that of the tetraploid 
strains. The bacterial numbers of both groups diminished as a result of 
the rhizosphere effects of wilting susceptible diploid plants in soil when 
the pathogen was present. This indicates that much of the energy sub- 
stances exuded had been utilized by the pathogen F. vasinfectum. 
Quantitative assays for amino acid were made using the test organisms 
Lactobacillus arahinosus 17/5 and Leuconostoc mesenteroides P 60. Con- 
centrations of amino acids were higher in the exudates of diploid strains 
than the tetraploid strains. Assays of the vitamin B group using X-ray 
mutants of Neurospora crassa and N. sitophila indicated that vitamin B 
concentrations were considerably higher in the vicinity of the diploid 
than of the tetraploid plants. In general, exudation of amino acids and 
vitamins could be directly correlated with the rhizosphere activity. On 
growing susceptible diploid variety of cotton in garden soil at constant 
temperatures of 32.5*, 35.0° and 37.5° C., no appreciable effect in the 
rhizosphere of healthy and infected plants was observed at the bvo 
higher temperatures. This is not surprising. At these high temperatures 
an abnormal host metabolism could result in a minimum of exudation 
of energy substances utilizable by the rhizosphere microorganisms. This 
could be the deciding factor in Uie observed marked reduction on both 
the amino acid and the vitamin requiring groups of bacteria. The energy 
material exuding from the root systems of genetically differing Old and 
New World cottons may well form the springboard for the development 
of saprophytic antagonistic bacterial floras and of mycofloras as well. 
These form part of the rhizosphere flora and are known to act as root- 
infecting pathogens. We have not examined sufficiently the implications 
of gene controlled mechanisms in light of how they affect uptake and 
exudation of metabolites. Quite obviously, the plasma membranes of 
root systems are worth studying more critically since in them rests the 
key to exudates and their repercussions on saprophytic and parasitic 
microfloras of the rhizosphere and, more particularly, the rhizoplane. 
Apart from exudations of amino acids and sugars, substances of large 
and small molecular weights such as nucleotides and flavanoncs have 
been recorded from pea exudates (LundegSrdh and Stenlid, 19-14; Fries 
and Forsman, 1951). , , 

Studies on the nature of root crudates of many crop plants under 
varj'ing soil conditions have been undertaken by numerous workers 
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Katznelson et al. (1954) showed that desiccation and subsequent re- 
wetting of the sand in which tomatoes, soybean, barley, or oats grew, 
resulted in the excretion of glutamic acid, aspartic acid, leucine, alanine, 
cysteine, glycine, lysine, phenylalanine, proline, and a reducing com- 
pound of Rt value identical with glucose. Rovira (1956a) indicated that, 
under aseptic growing conditions in quartz sand, peas excreted hventy- 
two different amino acids while oats excreted fourteen of tliem. He 
further indicated (Rovira, 1956b) that addition of exudates from the 
roots of peas and oats in vitro increases the growth of microorgamsms 
isolated both from control soil and the rhizosphere of S-week old pe^i 
plants. This stimulation was greater for organisms from the rhizosphere 
than for those from outside this zone. Some organisms responded in a 
comparable way to addition of yeast extract, whereas others did so with 
exudate plus yeast extract. The root exudate was not totally replaceable 
by glucose, soil extract, vitamin free casamino acids, or a synthetic 
mixture of growth factors. Stimulating action of yeast extract on micro- 
organisms is generally considered to be due to unidentified factors. 

Bhuvaneswari and Subba-Rao (1957) examined the root exudates 
of Sorghum vulgare var. dochna and Brossicn juncea and spotted several 
organic acids and sugars in them. Although tartaric and oxalic acids, 
D-xylose and n-fructose were common to both plants, B. juncea had malic 
and citric acids, D-glucose and maltose in addition, llie possibility of 
malic and citric acids as factors influencing the observed depression of 
the microflora of B. juncea has been suggested by these authors. Root 
exudates of paddy infected by the foot rot organism, Fusarium tnonllh 
forme, have been the subject of study recently (Andal et al., 1956). 
Chromatographic analysis of exudates from susceptible and resistant 
strains of paddy under inoculation revealed that aspartic acid, glutamic 
acid, tiyptophan, and lysine were common to both plants and occurred 
in almost the same concentrations. In addition, the resistant strain had 
cystine, asparagine, tyrosine, and methionine. Especially the sulfn’^ 
containing amino acid cystine has been shown in this laboratory to he 
present in fairly large quantities in the roots of tlie tctraploid variety of 
Mlton, Gosstjpium hirstitum L., which is resistant to wilt c.iuscd by 
Fusarium vasinfcctum (Uakshminarayanan, 1955). Studies of the rliizo- 
sphoro mlcrofloras of these two strains of paddy showing differing amino 
acid exudation would be of considerable interest. 

An interesting example of possible root exudation and its effect on 
p.nthogcn!c fungi comes from the work of Ellis (1931) wlio demonstrated 
that the clubrool fungus {VJasmodiophora hrassicac) was grc.itly re- 
duced or was eliminated when susceptible c.abb.igcs were grown after 
peppermint (.Venf/m piprriia) had been cropped from 1 to 3 years. 
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The author concludes that the stolon of M. piperita was perhaps in- 
directly responsible for the production of substances antagonistic to 
P. brassicae. On the other hand, there may be direct correlation between 
exudation from M. piperita and P. brassicae antagonism. This problem 
can, therefore, be pursued further. Root exudates of M. piperita could be 
examined for their ability to cause widespread soil disinfection of the 
otherwise persistent pathogen. 

There are also other functional advantages that rhizosphere micro- 
floras can confer in the normal uptake and utilization of inorganic salts 
by roots from soils. Gerretsen (195J8) reported that roots of oats, mus- 
tard, sunflower, and rape with a rhizosphere population were capable of 
absorbing and utilizing insoluble mineral phosphates which were only 
slightly available to sterile roots. There is also evidence from other 
sources that, by absorbing the water-soluble phosphorus compounds, the 
bacteria prevent to a certain extent the chemical decomposition of these 
compounds in soil. Varieties of oats susceptible to manganese deficiency 
supported greater numbers of microorganisms that showed capacity for 
oxidizing manganese into unavailable forms than the resistant varieties 
(Timonfn, 1947). Conversely, microorganisms have been found to reduce 
availability of microelements when energy materials are added to soils. 
Eliminating the natural microfiora by sterilization of soils cures certain 
microelement deficiency symptoms, the effect being a direct consequence 
of removing the microbes that act as competitors for the meager supply 
of micronutrients essential for normal plant growth. 

There may be many other functional mechanisms of ionic uptake by 
higher plants in both acidic and alkaline soils, not only of macro- but 
of microelements also, where the role of microorganisms has to be 
determined by careful experimentation before a verdict is given. In this, 
much ingenuity in evolving techniques has to be displayed, particularly 
in the collection of root exudates under aseptic conditions. Bioassays 
must be more widely developed for these investigations. Without them, 
the dynamics of the rhizosphere and rhizoplane could hardly be expected 
to progress beyond a stage of stalemate. 

D. Root Infections and Symbiosis: Mtjcorrhiza, Root Nodule Bacteria 

We cannot accept that all infections of roots that are beneficial to 
their hosts are mycorrhizal or that the term mycorrhiza specifically 
pertains to proved examples of s>Tnbiosis. Both aseptatc and septate 
mycelial forms of great diversity enter into this symbiotic relationship 
with rhizoids and roots of bry'ophytes, ptcridophytes. and nnglospcrms 
Collectively, these constitute the cndolrophic mycoiT})Jzas as opposed 
to tile ectotrophic that have mycelium external to the roots. TIio ccto- 
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trophic form has a well developed sheath of fungal pseudoparenchyma 
enclosing the root, the fungal hyphae penetrating between cortical cells, 
but few entering them. By contrast, in the endotrophic form the fungus 
is in the tissues, particularly in the cortex where the host protoplasm 
digests it. The aseptate fungi produce both arbuscules and vesicles that 
aid the digestion of the host tissues. The type of digestion varies from 
thamniscophagy (arbuscule and sporangiole digestion) to tolypophagy 
(formation of digestion clumps). The terms mycorrhiza and pseudo- 
mycorrhiza are at present not precisely definable. Infected roots showing 
ectotrophic mycorrhizas, as in the case of forest trees, exhibit constant 
morphological form, i e., presence of external mantle and internal Hartig 
net (the central core of host tissue which is penetrated by the fungal 
hyphae in its outer cortex growing among the cells to form a network 
is the Hartig net, named after the German botanist), hypertrophy of the 
cortex, and characteristic branching. The pseudomycorrhiza covers a 
wide variety of endotrophic and ectotrophic associations which depart in 
morphological form or physiological function from the typical cases. In 
other words, the pseudomycorrhizal as well as the mycorrhizal ecto- 
trophic forms show a microorganismal population in the rhizoplane and 
the^ rhizosphere in which one or a few fungi dominate in functional 
activity. For more detailed treatment of this and related literature, the 
reader could most usefully study the splendid reviews on the subject 
by Harley (1948, 1950, 1952), 

occurrence of digestion in vivo in the typical endotrophic forms 
"l? f an exchange of material between the host and 

t e fungus but its absence does not prove to the contrary, indeed, there 
we other modes of exchange that need not be preceded by digestion 
e depee of dependence of the fungus on the soil for its vital metabolic 
nee s in the shape of organic and inorganic nutrilites has not been 
precisely defined. However, it is generally understood that the penetra- 
lon and infection of young roots by the fungus is from the soil or from 
plant residues or by root contact. 

Many members of the Agaricaceae, Boletaceae, Sclerodenna, etc., 
orm mycorrhizas. Recent investigations by Robertson (1954) have 
s lowm I lat some of these produce air-borne basidiospores, c g , Boletus 
Sranulatus. 

^ Apart from the theoretic.!! aspects of mycorrhizal infection and tlieir 
important in plant growth, the problem is one of great practical npph' 
cation, "'hen fully understood. In the presence of appropriate fungi, 
under artificial inoculation conditions, there is undoubtedly great in- 
crease in growth of seedlings. Tlic probable mechanisms invohed in this 
increase are: that the fungi may alter the insoluble inorganic carbon 
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compounds into soluble form, or change the pH in the culture medium, 
or produce vitamin-like substances (auxins?). This faculty is not con- 
fined to mycorrhizal fungi, however. 

There is yet no proof that infection of the root tissue and the growth 
of the endophyte into the tissue are essential for host stimulation and 
many believe that infection is purely incidental. (The dependence of 
seeds on biological stimulation, whatever its mechanism, does not appear 
to offer an explanation for the formation of mycorrhiza in later stages.) 
Nevertheless, it is difficult to discountenance the need for an external 
food base wherefrom the fungus would derive sufficient energy to enable 
it to develop into an active endophyte. The ability of endophytes to grow 
in vitro does not in any way indicate that there exists a competition for 
organic matter in soil. Burges (1936) states that infection is unimportant 
and the external activity of fungi is all important in the nutrition of 
mycorrhizal hosts. It would then appear that the emphasis almost com- 
pletely shifts to the life of the endophyte in the soil, particularly in the 
rhizosphere and the rhizoplane. The problem of the endotrophic myco^ 
rhiza, therefore, appears to be one of great complexity, where the food 
base in the soil from which the fungus meets its energy requirements 
and the conditions under which it parts with it to host tissue in vivo are 
logical steps in experimentally elucidating the sequence in the process. 
The main point to appreciate in the case of the ectotrophic mycorrhizas, 
on the other hand, is that a high proportion of absorbed materials must 
necessarily enter the infected roots routed through the fungal sheath as, 
indeed, the fungal sheath is a living entity with powers of selective 
absorption. The completeness of the living fungal sheath and its intimate 
connection with the root cortex in mycorrhizal associations are of para- 
mount importance in planning further experimentation to un ers an 


this functional physiology. , r r j i..,] 

Apart from these general considerations, ^ . 

investigations on the physiology of the ^ pvn'qed 

the present context. Harley and McCready (1952a. b) 
mycorrhizal root tips of beech, separating *<= fungal 
core after absorbing radioactive phosphorus (P») from 
at pH 5 5. Approxtaately 90^ of the phosphorus 
fungal sheath. No significant change in the ruho 

perfed using a concentration of 1 mg. per liter, freed from then 

sheaths before exposure to phosphate ahsor e p P . j (1954) 

more quicldy than the cores of in.a^»^^^^ 

further showed that the route by whi P sheath into 

tissue into the host tissues of to host was rapid at 

the core. The rate of movement of P o 
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first but became slower after 15 hours and the rate was temperature 
sensitive, becoming very slow at 1° C. The process of transport was 
sensitive to oxygen concentration, slackening very much when oxygen 
concentration in solution was below 3%. It was obvious that active trans- 
port of phosphorus from fungus to host occurs in mycorrhizal beech 
roots and the mechanism of transport is dependent on aerobic metabolic 
processes in the fungal tissue as well as on the absorptive processes of 
the core. Phosphate lost from roots kept in low oxygen concentrations 
is entirely released from the sheath and this results from temperature 
sensitive anaerobic processes occurring in that tissue. 

Studying phosphate uptake further, using (Harley and Brierley, 
1955), it was shown that excised mycorrhizal roots of the beech when 
washed in buffer solution containing phosphate recorded reduced rate 
of transport from fungus to host. When roots had been returned to 
phosphate free buffer, after a period in buffer containing phosphate, the 
temporarily reduced active transport was resumed at a rapid rate. It is 
suggested that the phosphate absorbed from the external solution com- 
petes successfully for a substance produced in respiratory metabolism 
so that phosphate accumulated in the sheath remained immobilized. In 
the absence of external phosphate supply, the phosphate already ac- 
cumulated in the sheath was utilized. Movement of phosphorus into the 
core was mainly from the external solution when this contained phos- 
phate, but was from the sheath phosphate when the external supply 
failed. Earlier, Harley and McCready (1952a, b) had shown that the 
fungal sheath constituted about 39% of the dry weight of mycorrhizal 
roots of beech. The sheath of intact mycorrhizas restricted the uptake 
of phosphorus by the cores — and this reduction was less at higher tlian 
at lower concentrations — acting as a partial barrier to diffusion and 
P losphorus absorption seemed to be linked with metabolic activity over 
t le whole range of phosphorus concentrations studied. There are two 
possible routes by which phosphorus may reach the core by diffusion 
tbrough the intercellular spaces and cell walls of the sheath and by way 
of tlic living sheath cells. 

Tliat the physiological state of metabolism of the plant has much to 
w function finds support from the work of Ilarlcy end 

\\aid (1953). Tljc influence of different levels of daylight radiation on 
1 1 C growth and nature of mycorrhizal infection of beech seedlings was 
ircct, the mycorrhizal infections on the root systems appearing after the 
irst true lca\cs emerged. Plants rccemng more light showed more 
ugorous development than shaded plants. Shading eventually led to n 
loss of resistance by the beech seedlings to parasitic infection s' bile 
incrc.nscs in light intensity resulted in mycorrlilzal formation. 
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There is yet anotlier aspect of nutritional requirement by the my- 
corrhiza-forming fungi. Melin (1954) tested a number of Hymenomycetes 
and Gasteromycctes and all of them were partially or totally deficient in 
thiamine. Most species were heterotrophic for both the thiazole and 
pjTimidine fractions while five species of Tricholoma were more deficient 
in pyrimidine than in thiazole. Some species of Cortimrius had a reduced 
capacity for synthesizing thiamine from its two components, thiazole 
and pyrimidine. Most Basidiomycetes greatly benefited by the presence 
of small amounts of amino acids in ammonium nitrogen containing 
medium. The main sources of these nutritional substances in nature 
seem to be the soil and not the roots. Boletus spp. grow e\tremely well 
in vitro on e’ccised Finns sylccstris roots in a nutrient solution supple- 


mented by amino acids plus the B vitamins, whereas without roots 
growth was barely visible. Pine roots seem to produce one or more 
growth-promoting metabolites essential for the growth of tree mycorrhizal 
fungi which are deficient in these substances. Excised tomato roots and 
germinating pine seeds aifect the growth of these fungi in the same way 
as pine roots, indicating that the metabolite is not specific to pine roots 

Much has been said to indicate the somewhat parallel nature of the 
problems of the saprophytic and parasitie forms of the rhizosphere and 
the mycorrhizal habit as far as the interdependence of host metabolism 
is eoneemed for both types of infections. Quite obviously, much of the 
energy substances exuding from roots are utilizable by the micropopu a- 
tion and it is probably premature to draw a line and compartmentally 
assign these microbial functional processes. There seems little doubt, 
however, that this twin field of research would give endless opportumt.es 
for more critical work on absorption and movement of metabolites from 
the soil into the plant tissues and back as exudates and their utdization 
by facile endotrophic and ectotrophic l.vmg microbial populations. 

The root nodules of Leguminosae and the bacteria ” 

this symbiotic relationship present another interestmg fa«t of soil 
. , A 1 oo i'iS7 Dalechamps named a species (Jrnitno 

microbiology. As early as 3 , Dalec P nodule-bearing 

podium tuberosum which couia oe u g j i ^ c-cf nnt/arl 
Lbit The nractical significance of these nodules was first noted by 

Hellrlegel in^ fSSfi He — 

;:Srn/r tfsur.iri;r"ur-present knowledge of this 


subject. nndulating ability is characterisHo of all 

The general assumption that n S , , one-half of 

Leguminosae is probably not corre . 
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the genera in this order have been examined and of these many species 
falling under Caesalpinioideae do not possess the ability to form nodules 
The greatest number of species having this ability belong to the sub- 
family Papilionatae. Compatibility of tlie bacterial and plant proteins, 
and a direct relationship with the calcium fraction of the leguminous 
plants (this fraction being greater in leguminous than in nonleguminous 
plants) have been suggested to ejqplain why rhizobia produce nodules 
only on leguminous plants. It has also been pointed out that the legumin- 
ous plant produces an enzyme which enables it to select, entrap, and 
use the particular form of organic nitrogen contained in the invading 
rhizobia. Several workers have also recently demonstrated resistance to 
nodulation by pure lines of genetically selected red clover (Nutman, 
1946, 1949) and soy bean (Lynch and Sears, 1952, Williams and Lynch, 
1954) which indicates that a recessive hereditary factor in the plant may 
also be involved. 

The rhizobia are facultative parasites but their role in symbiotic 
nitrogen fixation has led to their being regarded as symbionts. Culturally* 
all strains are aerobic, heterotrophic, gram-negative rods. Although soil 
IS the normal habitat of these bacteria, it is extremely difficult to dis- 
tm^ish them from other soil bacteria such as Radiobacter by ordinary 
met 0 s. They are normal members of the soil microflora and can exist 
tor many years in field soil without their host plant. However, its pres- 
^bout a definite increase in the number of rhizobia in the 
n^hborhood and this is possibly due to stimulatory root secretions 
(Thornton, 1929). Strains differ in the rates at which they multiply 
mTi > under the influence of tliese secretions (Nicol and Thornton, 

)• t is difficult to estimate the number of nodule bacteria in a natural 
soil^, since the only deflnite test for Rhizobinm is its ability to produce 
plant. However, approximate estimates of numbers 
° 1 r ^. 4 - the plants with serial dilutions of the soil sample 

an n ing out the extent of infection, were extremely variable, but these 
mciicatcd that the numbers, for instance, of clover Rhizobinm may be of 
1 C or w of tens of thousands per gram in a soil of pH suitable for 
Clover Diversity of strains in a given soil is common. Proof is wanting 
Min 1 ility of rhizobia to fix atmospheric nitrogen in the absence of 
los p ant, in the soil, and in pure and mixed cultures in vitro. 
rlifyM • ^0 physiological relationships between the 

infcctivc- 

• n (^) effectiveness. Tlie former connotes ability of a strain io 
1 ? ofmation of nodules on certain leguminous species and not on 
1 . •/ ability of a strain to help the growth of the plant 

)) ni rO(,cn nation. In each of tlicse, various gradations in relationship 
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nlso occur. Elective nodules fiv quantities of nitrogen normally adequate 
for tile plant’s needs, wliereas ineffective nodules fis little or no nitrogen. 
These two tj-pcs of nodules arc known to show marked differences in the 
course of their dei’clopment. In both t)'pes, early stages of growth are 
similar, the nodule first consisting of a tiny mass of meristem cells 
usuallv derived from the root cortex. Most of the central cells become 
infected and cease to divide. These cells arc surrounded by a layer of 
uninfected cells which remain mcristematic and form a dist.il c.ip. Owing 
to the activitv of these mcristem.itic cells, the nodule grows and the 
inner l.iyers of newly formed cells arc successfully invaded by bacteria. 
V.iscular str.inds are later formed connecting the nodule with the central 


cylinder of the root; a secondary endodermis also .ippe.irs. From about 
this stage, the two types of nodules differ. In the case of effective nodules, 
further growth takes place leading to the formation of a conspicuous mass 
of central bacterial tissue; in the case of ineffective nodules both the 
meristem .and the central bacteri.il tissue are transient. In the latter case, 
the bacteria become parasitic on the host tissue and cause its disin- 
tegration and, indeed, this necrotic process extends distally tlirough the 
central tissues until the middle of the nodule is destroyed and it ceases 
to function. In the case of the effective nodule, the central bacterial 
tissue is the scat of the symbiotic nitrogen fixation process. &ttber, 
it contains four well-defined pigments; leghemoglo^Jr^. le^ 
chbleglobin (green), legmethcmoglobin ^brownj and joproporphyrm 
(brown). Leghemoglobin is markedly s.mfiar to hemoglobm of Wood 
L-d'a molecuhir weight of about 34.000 (i e.. .*out half that of blood 
hemoglobin) has been reported for a prep.arat;on which approximated 
85% pLity; it was first identified by Kubo m 1939 and later confirmed by 
Keilin a^ Wang in 1945. Leghemoglobin does not occur in detectable 

“■"Z'tncti^n ofhemogtbin and its derivatives in nodules remmns 
me tun™™ intriguing problem, although there is circumstantial 

evidence ™nnectmg hemoglo^ hemoglobin independently, and it 
plants nor the rhizo P symbiosis. It xvould appear that 

occurs only during the phnt complex, one agent 

It IS a product fraction and the other the protein 

presumably contributing the effective nodules is closely 

fraction of the molecule. Its p tjlant. In mature 

linked with the differentiation of the bacterial 

effective nodules it first appea rhizobia-packed cells, 

tissue and can be detected his .^j^’^he rhizobial cell per se, in the 

proof is wanting in the nodule cortex or within the 

uninfected cells of the bacterial tissue, m 
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meristematic area Further, free-living rhizobia are not able to fix nitro 
gen following addition of hemoglobin and purified leghemoglobm A 
further noteworthy fact is that no hemoglobin is produced m non 
symbiotic nitrogen fixing systems Space does not permit a detailed 
discussion of the biochemical aspects of symbiotic nitrogen fixation for 
which the reader should refer to the excellent reviews of Thornton (1952 
1954) and of Allen and Allen (1954) 

Nutman (1946) has proposed the terms “responsive” and “unrespon 
sive for plant reactions to nodulation determined by genetic factors 
However, it is far from clear whether the differences in plant response 
are due to the inherent qualities of the bacterial strains, to conditions 
withm nodules, or to the influence of the host itself 

Infection of the leguminous root usually takes place through root 
hairs, although entry may be effected through epidermal and cortical 
cells and also through ruptured tissue at the pomts of lateral rootlet 
emergence In the case of Neptuma oleracea, an aquatic leguminous 
plant lacking root hairs, epidermal cells appear to be the sole points of 
entry Normally, a colony forms near the tip of a root hair, the latter 
excretes a substance (/? indolylacetic acid ?) which causes the root hair 
to curve and at the bent tip the bacteria make way through the cell 
walls into the root hair They then pass into the cells of the root, multi 
ply rapidly and form the nodule The number of nodules produced is 
characteristic for each bacterial strain, different strains exhibiting dif 
ferences m mfectivity With a given strain and host plant, there is 
nevertheless, correlation between the dose of bacteria supplied to the 
root region, the number of root hairs infected, and the number of nodules 
pro need Normally, host root systems may be simultaneously invaded 
by several strains of Hhizobium and different strains can be isolated from 
nodules on the same plant in the field In the presence of more than one 
s ram, the proportion of nodules produced by each strain will depend 
on (a) the relative numbers of each strain m the root region and (b) 
llic reht»e mfectivity of the strains Nodulation produced by one strain 
mai saturate the nodule-forming capacity of the host and «hen this 
nppens a second strain may bo excluded, although it cannot he con 
cliKlcd tint mxasion by one strain confers immunity to the host from 
siihscqiieiit mxasion by a different strain or strains 

'Inch more remains to bo knoxxai about the mechanism of rliizoliial 
eii ly into tlic root narher suggestions about the secretion of the cnzxanc 
mtasc In the rhizolin and consequent dissolution of the root Inir ixah 
lack cvpirimcntal proof It xxould appear tint the curling of the Inir is 
MIC o some secretion produced b) the rhizobn before thov enter 
lliomlon (1929) associated infection xxilli production of a stimiilaloix 
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substance by the roots at the time the first leaf unfolds. During the 
period between germination and opening of the first true leaf of alfalfa, 
no infection occurred, whereas one day later 22 of the hairs were in- 
fected. Addition of the sterile extraets of solutions surrounding the roots 
of seedlings bearing first leaves to younger seedlings enhanced root hair 
infections. Production of the stimulatory substance is probably controlled 
or influenced by the top of tlie plant, although removal of the first leaves 
does not apparently delay nodulation. Moreover, nodules may be formed 
on excised roots. 

Nutman (1932) reported that with either lucerne or clover the actual 
numbers of nodules are greater on plants growing singly than on plants 
growing in pairs or in large groups within a culture of standard size. 
Tliis inhibition of nodulation on plants growing together appears to be 
due to the diffusion of some substance from the roots, since the extent 
of the inhibition depends on the volume of the medium as well as the 
number of seedlings present. The number of infections per plant is 
directly proportional to the volume of the medium and inversely pro- 
portional to the density of planting. Turners (1955) more recent work 
on nodulation in clover plants further supports Nutman s findings. It 
has been shown that the addition of charcoal to the rooting medium of 
clover plants inoculated with effective and ineffective strains of Wit- 
zobium leads to a stimulation in nodule formation. In the presence of 
charcoal, the period between inoculation and the first appearance of 
nodules is reduced. One possible explanation of this phenomenon is to 
the stimulation is due to the adsorption by the charcoal of inhibitoiy 
compounds secreted by clover roots. These compounds have b=en eluto 
from charcoal and have been shorvn to mfluenee nodule toation. 
Indeed, Virtanen and Laine (1939) have shovm 
alanine oxime N, and fumaric acid may 
bearing roots of 

tW s:met.ons o^^oduTatit is notUvm. However, repeated culti™- 

ttoorr: cUs . the 

may be due to the ^ooumulafon of toxm comp 
by the clover plants, such sickness can be overcome y 

coal to soil, ,-nfluencins nodulation. certain other factors 

Apart from root excrebons fi g^^ 

may also have similar o" balance in the root hair. 

IS often governed by the carb • g ^ Leuemna are 

Thus, seedlings of etiolated vetch a^ amount of carbohydrate 

not able to produce nodules im .-qros^jesistance to infection of red 
is supplied. According to Nutman ( 
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clover by Rhizobium is attributable to a hereditary factor which delays 
nodulation as late as the unfolding of the fifth or sixth leaf. Results of 
experiments involving grafting of genetically susceptible clover tops onto 
roots of resistant plants and vice versa suggested no translocation of sub- 
stances influencing infection (Nutman, 1949). 

The relation of the general soil microflora to nodulation has been well 
brought out by the work of Harris (1953) who investigated the plant- 
rhizobial relationships between Trifolium suhterraneum and strains of 
Rhizobium trifolH in pot experiments. One strain (No. 44) was found to 
give an ineflective reaction (as measured by plant growth) in heat 
sterilized soils, whereas in similar nontreated soils an effective reaction 
was seen. In order to study the effect of associated fungi on nodulation, 
sterilized subterranean clover embryos were grown asceptically on a 
mineral salts soft agar medium free from nitrogen and carbohydrates. 
When the first trifoliate leaf had unfolded, the seedlings were inoculated 
simultaneously with R. trifolU and a suspension of one of the fungi 
frequently isolated from clover roots In nonsterile soils. The presence of 
a pathogen capable of killing the plant rapidly inhibited nodulation 
completely, as in the case of Fusarium 1013 and Sclerofinia 1015. Where 
the degree of pathogenicity was less marked but root invasion occurred 
in the extensive local root rots, as in the case of the dematiaceous fungus 
1017 and Hormodendrum N, nodulation with strain 430 of Rhizobium 
fri/ofit was reduced, probably owing to impaired metabolism in the plant 
ra er than direct antagonism of the fungus to rhizobia. Some strains of 
'^gi and bacteria stimulated the weakly virulent strain 44, but had no 
effect on the more active strain of the bacterium. 

These results point to the need for more comprehensive and intensive 
stu ies on the same lines and experimental work aimed at understanding 
1 1 C rhizosphere effect ois-a-uis root exudates in nodule-forming legu- 
minous plants would, indeed, be a most fruitous path for future studies. 

^ lore is no doubt that the leguminous root nodule still poses many 
interesting and intriguing problems for the experimental microbiologist. 

IV. Patiiocen-Host Relationship 

Tile essential features of the pathogen-host relationships seen among 
root-infecting pathogens may now be considered. If one is guided by the 
c amage caused to root systems or to the plant itself via root systems by 
organisms, it would appear erroneous to leave out of consideration tlic 
large number of organisms which are known to produce antibiotics, 
toxins, and other metabolites in soils xx’hich might predispose root sys- 
tems to infection. However, it is necessary to maintain a distinction 
between such damage brouglit about by metabolic products of microbes 
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and damage following infection by a pathogra. In what follows, there- 
fore, tile discussion will be centered on the pathogen in its relation to 
the host. 


It is probably difiBcult to state which is the predominant factor in 
this dual relationship, the pathogen o r the host . Nevertheless, it is safe 
to assume that the host, its rhizbplane, and its rhizosphere merely 
provide the substrate for the activity of the pathogen and, in the absence 
of the latter, there is neither infection nor pathogenesis. Pathogenesis, of 
course, implies that a pathogen must effect entry into the host and assim- 
ilate the available nutrients, must tolerate or overcome host resistance, 
and induce disease in the host hy its action on host tissues. 

What appears to be a simple type of relationship is that seen among 
some pathogens of the destructive type which kill the host tissues and 
derive nourishment from the tissues so killed. This behavior is character- 


istic of many facultative parasites and the whole course of events leading 
to pathogenesis would appear to rest on the ability of these pathopns to 
secrete enzymes capable of dissolving the host substrate and killing the 
cells. Enzyme studies on several root rot, soft rot, and damping-off 
pathogens have shown, for instance, that the three pectolytic enzymes, 
polygalacturonase, depolymerase, and pectin methyl esterase are in- 
variably produeed by several of these organisms. It is reasonable to 
expect in such cases correlation of pathogenicity with presence and 
amount of the enzymes produced. No doubt, such a correlation has been 
reported in some cases, but not always. In studies on various species of 
Wiizopus, which are wound pathogens causing rot in sweet potatoes, 
for example, some of the pathogenic species (R. nigrwans and R. arto- 
carpi') secrete less pectinase than the two nonpatho^mc species (R. 
chmensis and R. micresporus). Further, one species which produces the 
largest amounts of the enzyme is not pathogenic to sweet potato. Simi- 
larly, it is difficult to explain why Botrylis cnerea, which rarely para- 
sitizes potato, should be able to produce active enzymes in potato 
decoctions of various strengths, whereas Pyth,um 

is pathogenic on ordinary mature potato tubers, ^^^ows neghgibb amoun 
^ I* nrrlinarv DOtato decoctions. It IS obvious tnat 

of enzyme secretion on ordina^ a-™ enzymes of Betrytis and of 
*ere a,e differences ‘he ^ toterpmtation of 

Pi/rfiium and, as enzymes are different in themselves 

these differences may be ^ ; ^leir properties me Con- 
or that they are the same but tnat some , nrenie funffi.” 

ditioned by other metabolites Mature chiacteristically seen 

Apart from dissolution ^ cincrca and Sclcro- 

m some of these pnmitiye padiog considerably the perme- 

ttnia sclerotiomm) , is their ability t 
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ability to water of the host cells just heyorrd the discolored necrotic 
zone. Some substance other than the pectinase may bring about tli 

'^''^The pathogen-host relationship in common scab of potato due to 
Streptomyces scabies presents some noteworthy features, o owing 
penetration through lenticels, stomates, wounds, or directly throug 

cuticle when it is thin, in young tubers of susceptible varieties ma y 

layers of dead cells are formed on the exterior in which the 
develops as a saprophyte. The underlying living cells tli™ un erg 
abnormally rapid division and there is consequently sloughing o 
more dead cells on which the pathogen continues to grow. 
appear that there is little invasion of living tissue and, indeed, the sea ^ 
lesion results from proliferation of the latter. The mechanism o ce pr 
liferation remains obscure. In resistant tubers, few dead cells occur a 
the surface and, therefore, the pathogen is not able to establish i se 
(see Walker, 1957). Another interesting fact is that peel extracts tro 
tubers examined chromatographically or by taking ultraviolet absorp^ i ^ 
curves showed a much higher concentration of chlorogenic aci 
resistant than in a susceptible variety. In some resistant varieties, i 
chlorogenic acid appeared to be more heavily concentrated m 
periderm and particularly near the lenticels, which serve as 
avenues of entry for the pathogen, and also around mechanica 
parasitic injuries (Johnson and Schaal, 1952). 

WTiitney’s studies (1954) on Uhizoctonia crocortim indicate tha 
ability to parasitize carrots requires substantial saprophytic developmcn^ 
prior to infection. Its behavior, therefore, is somewhat comparab e^ 
that of Slrcptomyccs scabies. The fungus infects mainly dicot hosts 
roots which develop periderm tissue at some stage in their 
Tlio susceptible stage of the carrot corresponds with that at wliicn 
carrot sheds its cortex in favor of a periderm. In such hosts, there or 
the pathogen can develop initially as a saprophyte on the periderm ^ 
a result of which it acquires the ability to launch a parasitic attack o 
the underlying tissues. In the invaded carrot tissue, intracellular scicr 
ti.nl bodies arc formed which appear to give rise ultimately to mmu 
infection bodies. TIic intracellular liyphac are not liaustorial and do 
csl.ablish a nutritional bal.ancc within the invaded cell, on the ot 
hand, the invaded cells arc killed. In the organized host, conditions arc 
not favorable for the more rapid fungus growth that usually occurs 
during its saprophj tic development on agar and, therefore, under sue i 
conditions when nutrients arc exhausted, the pathogen goes into 
resting stage forming internal sclcrotia. 

TIic vascular will diseases involve quite a different 1)150 of relation 
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ship betAveen pathogen and host. In the typical cases as, for instance, 
in fusariose wilts of cotton and tomato, following infection, the pathogen 
reaches the xylem and pervades this tissue and appears to cause little 
disintegration of the root systems and other living tissues. The complicity 
of enzymes, vivotoxins, and vessel plugging in pathogenesis of these 
plant wilts has been discussed earlier and by a number of authors 
(Dimond and Waggoner, 1953b; Subramanian, 1955; Walker, 1957; 
Sadasivan, 1958) and it would be superfluous to cover the ground agam. 
Attention may, however, be called to the fact that among pathogenic 
forms of Fusarium oxtjsporum, most of which produce vascular wilts, 
some appear to produce cortical decay also. For instance, in watermelon 
wilt, at low temperatures, F. oxysporum f. niveum causes preemergence 
damping-off. This is a good example of the effect of the environment in 
modifying the pathogen-host relationship. 

In the case of dry rot of potatoes caused by F. avenocBum and F. 
coeruleum, the latter grows through the intercellular spaces, the adjacent 
cells remaining alive, often for considerable periods — a situation some- 
what suggestive of balanced parasitism. F. avetuiceum, on the other 
hand, kills and penetrates the cells with which it comes in contact 
(McKee, 1954), This may be compared with what happens when blight- 
resistant potato tubers are inoculated with virulent and avirulent strains 
of Phytophthora infestans. Avirulent strains cause a rapid necrosis of the 
tissues with which they come in contact and are, thus, prevented from 
further spread or fructiffcation; necrosis, however, is less rapid m tissues 
infected by virulent strains which are, therefore, able to spread through 
the tuber and fructify. These findings illustrate clearly the tendency 
exhibited by some pathogens to form a somewhat balanced association 
with the host. There is, of course, no question of mutual benefit here and 
it is a one-way traffic detrimental to the host. A greater approximation to 
balanced parasitism than what is seen in the case of Fusarium coeruleum 
is what characterizes the vascular wilt fusaria already refened to. 

Some of the soil-borne smuts certainly exhibit a much better adap- 
tation to Hve in a balanced association with their hosts. Tilletia tritic 
infecting wheat plants and Ustilago violacea infectmg plants belonging 
to the Caryophyllaceae may be cited here- In both, seedimg mfeclion ^^s 


Tilletia tritici, germination of brandspores in 
soil fa foUowed by pene'tration into fte 


common. In the case of 


the hyphae grow’ interceUularly to the growing point 
mediately behind it throughout the vegetaUve penod. Later 
leaves are invaded from the growing point, but only 
appear at this stage. In the final stages, the flower 

the embryo fa destroyed, the endosperm tissue is attacked, and spares 
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ability to water of the host cells just beyond the discolored necrotw 
zone. Some substance other than the pectinase may bring about tins 

The pathogen-host relationship in common scab of potato due to 
Streptomyces scabies presents some noteworthy features. Fol 
penetration through lenticels, stomates, wounds, or directly throug e 
cuticle when it is thin, m young tubers of susceptible varieties many 
layers of dead cells are formed on the exterior in which the pathogen 
develops as a saprophyte. The underlying living cells then undergo 
abnormally rapid division and there is consequently sloughing o o 
more dead cells on which the pathogen continues to grow. It wou 
appear that there is little invasion of living tissue and, indeed, the sea 
lesion results from proliferation of the latter. The mechanism of cell pro 
liferation remains obscure. In resistant tubers, few dead cells occur a 
the surface and, therefore, the pathogen is not able to establish itse 
(see Walker, 1957). Another interesting fact is that peel extracts from 
tubers examined cliromatographioally or by taking ultraviolet absorption 
curves showed a much higher concentration of chlorogenic acid m ‘ 
resistant than in a susceptible variety. In some resistant varieties, t 6 
chlorogenic acid appeared to be more heavily concentrated in trie 
periderm and particularly near the lenticels, which serve as natura 
avenues of entry for the pathogen, and also around mechanical or 
parasitic injuries (Johnson and Schaal, 1952). 

MTiitney’s studies (1954) on Bhizoclonia crocortitn indicate that its 
ability to parasitize carrots requires substantial saprophytic development 
prior to infection. Its behavior, therefore, is somewhat comparable to 
that of Streptomyces scabies. The fungus infects mainly dicot hosts witi 
roots which develop periderm tissue at some stage in their ontogeny- 
Tlie susceptible stage of the carrot corresponds with that at which t e 
carrot sheds its cortex in favor of a periderm. In such hosts, therefore, 
the pathogen can develop initially as a saprophyte on the periderm as 
a result of which it acquires the ability to launch a parasitic attack on 
the underlying tissues. In the invaded carrot tissue, intracellular sclcro- 
tlal bodies arc formed which appear to give rise ultimately to minu e 
infection bodies. Tlie intracellular liyphac arc not haustorial and do no 
csl.ihlish a nutritional balance within the invaded cell; on the otlmr 
hand, the invaded cells arc killed. In the organized host, conditions arc 
not favorable for the more rapid fungus growth that usually occurs 
during its saprophytic development on agar and, therefore, under sue 
conditions when nutrients arc exhausted, the pathogen goes into a 
resting stage forming internal sclcrolia. 

Tlie vasailar wilt diseases involve quite a different ty^ic of relation 
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symptom in tristeza disease of citras, the roots being starved due to 
interruption of normal food transport. The disease occurs only when 
s^veet orange scions are grafted on to sour orange stocks; the trees, 
however, hardly show symptoms characteristic of virus infections and 
they apparently die from a root rot. This rotting of roots appears to be a 
secondary effect resulting from the death of the phloem cells at the 
stock-scion junction and the consequent interruption in translocation of 
food from scion to stock. The sweet orange apparently is a carrier of the 
virus to which tlie sour orange is hypersensitive. When infected, the scion 
manifests no symptoms; movement of the virus into the stock, however, 
causes local reactions of a necrotic type which interfere with trans- 
location of food, so that ultimately the whole tree dies (see Bawden, 
1950). 

From what has been stated it will be evident that the subject of 
pathogen-host relationship, as far as it relates to root-infecting pathogens, 
is a complex one, involving as it does interactions between the soil, the 
pathogen, and the host. No doubt, the facultative parasite has received 
more attention in studies of relationship between pathogen and host, but 
our knowledge of this relaUonship in the case of some of the obligate 
root-infecting pathogens is meager. There are, therefore, many pos- 
sibilities of worth-while future study in this interesting group of plant 
disease organisms. 


V. Prospect 

In what has been written so far, an attempt has been made to cover 
in brief outline some of the basic facts and speculations relatmg to the 
interactions of pathogen, soil, other microorganisms in the sod, and host. 
The rapid progress made in recent years toward a better understanding 
of these interactions has ushered in many new ideas such as the concept 
of rhizosphere and rhizoplane microfloras and of vivotoxms. There is 
no doubt that future work will have to be largely molded by these tivo 
concepts which need to be fortified further by critical study. A newer 
approLh to investigations on the rhizosphere is called for here which 
should take into account not only root eimdations, and the impact of 
microbial metabolic products formed m sd« m soils on root-mfect g 
pathogens and the rhizosphere, but also the ionic balance or imbalanre 
^d oLotie changes within living and infected plant roots. In pres- 
^ usuiuiii, imorance. it would appear that the 

ent state of our knowlf f ^ *e livmg healthy and iu 

ionic s^tus of ““y ° determined accurately, since chelation 

diseased plants would host-pathogen interaction has 

between heavy metals and ^ ^ „„ ^^,ri„ble 

been postulated. We do not yet Know 
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the pathogen are then produced in enormous numbers within the seed. 
Tlie sequence of events in the case of Ustilago violacea is similar, except 
that this pathogen ultimately affects the anthers and produces its spores 
within them. What is unique about both these diseases is the prolonged 
balanced association between pathogen and host from the seedling to 
the flowering stage. 

The classical examples of true balanced parasitism are, of course, the 
rusts, and it is noteworthy that root infections by this group of patliogens 
appear to be very rare. Probably the only example of root infection by a 
nonsystemic rust is that recently reported in the case of Puccinia carthami 
which causes a foot and root disease of safflower (Schuster and Christian- 
sen, 1952). 

We may now consider cases of root infection which result in marked 
hypertrophy or hyperplasia of host tissues. Clubroot of crucifers, potato 
wart, crown gall, hauy root, etc. are common examples. Ciown g^^h? 
which is caused by Bacterium tumefadens, has been studied intensively 
by a number of workers. This and other hyperplastic diseases are dis- 
cussed in Chapter 6 of Volume I. 

Tlie mechanism of action of otlier root-infecting pathogens causing 
hyperplastic diseases, such as Plasmodlophora, has not been investigated 
in detail. In the case of potato wart, differences have been reported 
between warted and sound tubers; for e,xample, the pH of the warted 
tissue is claimed to be higher than that of healthy tissue. Moreover, 
quantitative data on the ash content of healthy and warted tissue showed 
greater amounts of mineral constituents in diseased tissue, particularly of 
iron, manganese, copper, and nitrogen — an observation which probably 
indicates that the stimulus to hypertrophy results from the diversion of 
these substances to the seat of infection. 

Mention may also be made here of some interesting observations on 
associations between plant roots and viruses (see Bawden, 1950). lo 
some cases, such as the phony disease of peach, viruses appear to he 
ocalized within root systems without producing, however, any visible 
sj'mploms. On the other hand, in wound tumor disease, tlie roots have 
many spherical woody tumors which vary in size in different hosts; ibo 
largest tumors arc formed in sweet clover plants (MelUotus alha and Ilf* 
officinalh) and in Rumex ocetosa. Wounding appears to be essential for 
the initiation of these tumors. Moreover, these tumors have been sbo"'^ 
to be capable of indefinite growth as tumor tissue. In the little kno^^'n 
clubroot disease of tobacco, the distortion of smaller and larger roots, 
closely similar to clubroot of cabbage, is the main s>’mptom. Death o 
lateral rootlets is common in some tree diseases of vims origin, c.g-, cim 
phloem necrosis. Death of lateral roots is also a common sccondar> 
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It may be conceded, no doubt, that, by the nature of the very ma 
terial which requires study, experimental investigations on these prob 
lems are beset with many difficulties Nevertheless, with the aid of 
suitable modem techniques it should be possible to taXe up these prob 
lems witli confidence and imagination and study them vigorously and 
mtensively 
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feature within living plant systems, but if it really is, then 
of such chelation mechanisms leading to essential heavy metal starvation 
in plants would have to be seriously reckoned with. After all, vivotoxm 
production and its complicity in disease would depend on the host 
substrate and we do need detailed information on these. It is to be hope 
that at least some of these problems would be taken up m the no 
distant future and, with the extraordinary refinements in modern bio- 
physical and biochemical techniques such as spectrochemical an 
chromatographic analysis, radioactive tracers and tissue culture, e 
horizon of our knowledge can be widened considerably. 

Similarly, root-infecting obligate parasites also call for intensive 
study, since our understanding of the physiology of host-parasite-soi 
interaction in this group of pathogens is appallingly meager. What, or 
instance, is the difference between healthy and warted potato tissue 
What is it that stimulates tumor formation in potato infected with wart 
disease, or tobacco plants suffering from virus clubroot? Or again,^ o 
normal healthy roots of cabbage differ in their exudates and rhizo- 
sphere microfloras from cabbage roots infected by Plcismodiopnor 
These arc questions for which we have at present no answer. It is true 
that extensive studies have been carried out on the physiology of para- 
sitism of leaf-infecting obligate parasites such as the powdery mildews 
and the rusts; but the root-infecting pathogens have been left behin • 
Studies of rhizosphere microfloras, microclimatology, root exudates, an 
of m oioo changes in ion accumulation, growth substance levels, perme- 
ability, osmotic changes, cellular oxidase systems, etc., will, thereiore, 
have to be extended also to these root diseases caused by obligate 


parasites. 

There is another fundamental problem of great interest that invites 
urgent attention. It has been suggested time and again that plant viruses, 
particularly the so-called soil-borne viruses, may have some relationship 
with soil fungi or other soil microorganisms for their multiplication. 
For instance, tobacco necrosis vims has been shown to survive in sous, 
but just how it does so remains unsolved, although the possibility 1^^ 
been visualized of soil microorganisms serving as hosts. It appears tlia 
this problem will have to be worked upon in considerable detail if 
arc to arrive at a solution. The idea in bringing root-infecting viruses into 
this disaission is to enlarge our experimental outlook for the future. 
In the CNcnt of vimscs being shown to have intermediate hosts among 
microorganisms, the question would then arise as to how', when other 
than the angiospermous hosts, tlic g>'mnosperms, pteridophytes, an 
bryopli> Ics have not been known to suffer from vims diseases, the micro- 
scopic members of the plant kingdom could be infected. 
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I The Toxin Concept 

The living plant must be regarded as a complicated biochemical 
factory carrying on a senes of intricate and well organized processes 
essential for hfe Any disturbance of tliese processes or tlie forces in 
tegrating them leads to a condition of ill health” or disease Recent 
studies on antibiotics ha\e draum attention to the high biological activitx 
of many products of microbial fermentation It is not surprising there 
fore, to find that increasing attention is being focused on the role of 
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Waggoner s own example, and fusaric acid. This concept, now rather 
widely accepted in plant pathological literature, has served a useful pur- 
pose in helping to clarify our thinking with regard to toxins and plant 
disease. It would seem, however, to be too restrictive since it is difficult 
to apply to a nonspecific toxin such as that produced by Helmintho- 
sporium sativum (Ludwig, 1957) or Rhizoctonia solani (Kerr, 1956) 
where initial production may be external to the host and the effect one 
of preconditioning the host to the advance of the pathogen. The term 
vivotoxin might usefully be retained to describe a certain type of 
phytotoxin. 

The chain of biochemical events occurring when a pathogen invades 
its host may work in favor of the host rather than the pathogen. Thus, 
Millerd and Scott (1955, 1956) found that an agent uncoupling respira- 
tion from its normally associated phosphorylations occurred in mildew- 
infected plants. This resulted in cell collapse and the liberation of 
phenolic substances. The latter appear to inhibit further mildew develop- 
ment and a "resistant” type of reaction is the result. Muller (1956) sug- 
gested that the term ‘Thytoalexin” be used to describe antibiotic prin- 
ciples present in hypersensitive host tissues. They cannot, however, be 
readily set apart from substances included under the general term toxin. 
The significance of antibiotic materials occurring normally in the host 
and conferring disease resistance is just beginning to be appreciated. 
Catechol (Link and Walker, 1933) responsible for resistance to onion 
smudge and 2,3-benzoxazolinone (Virtanen and Hietala, 1955) for snow 
mold in rye are good examples. Such materials are beyond the scope of 
this chapter. 

II. Toxins and Root Invasion 

In 1918, Skinner published his classic monograph showing that aro- 
matic aldehydes are produced in soil and might accumulate sufficiently 
under certain circumstances to be detrimental to crop growth. Among 
the more active of these aldehydes are salicylaldehjde (I) and vanillin 
(II). They are found especially in soils of low productivity and disappear 
rapidly from fertile soils having "strong biological acthitics and good ori- 
dative powers.” Poor fertility often favors root disease (Garrett, 1956). 
Rands and Dopp (1938) showed that apparently noninjurious amounts 
of salicylaldehyde predispose sugar cane to Pijthitim root rot. Similar 
observations (Graham and Greenberg, 1939) have been made in con- 
nection with PtjlhiuTn root rot of wheat. Aldehydes of this t>pc are 
among the first products of the microbial degradation of h'unin (Brauns, 
1952), although occurrence in nature may not be confined to this source 
as evidenced by the work of Gray and Bonner (lOiSa.h), and Bonner 
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toxic substances in plant disease. The difficulties of defining the boun- 
daries of this discussion as distinct from a general discussion on the 
biochemistry of plant disease are obvious. The term “toxin” has been 
adopted in the plant pathological literature to describe a toxic substance 
rather than in the more restricted sense originally implied in the 
terminology of mammalian pathology. It is defined for purposes of this 
chapter as a product of a microorganism or a microorganism-host inter- 
action which acts directly on living host protoplasts to influence either 
the course of disease development or symptom expression. The plant 
viruses have been deliberately excluded from consideration here. En- 
zymes, unless they are themselves toxic cannot be considered as toxins. 
Death of tissues in the soft rots for example (Wood, 1955) may result 
from cellular disorganization following the utilization of the materials of 
the middle lamella as an enzyme substrate. 

Gaumann (1954) states “Microorganisms are pathogenic only if they 
are toxigenic: in other words, the agents responsible for diseases can 
damage their hosts only if tliey form toxins — microbial poisons — that 
penetrate into the host tissues.” This concept would seem, on the basis 
of current evidence, to be too embracive. In Fttsorium wilt of tomato, 
for example, the organism enters the vascular system, often through root 
wounds and proliferates in the xylem vessels to which it is confined. 
Evidence, recently summarized by Dimond (1955), suggests that pectic 
enzymes are produced which, acting on the cell wall, hydrolyze or 
partially hydrolyze pectic materials with the resulting production of 
pectic gels and perhaps ultimately gums which plug the .xylem vessels 
(Ludwig, 1952), thus interfering with water conduction and resulting 
in wilting and ultimate death. This situation does not involve toxins or 
any direct effect on living cells. The so-called wilt toxins (Dimond, 
1955); (Gaumann, 1957), undoubtedly responsible for some of the com- 
monly recognized symptoms of the disease, may play an entirely sec- 
ondai^' role. Tlicy will be considered in more detail in n later section. 

Dimond and Waggoner (1953b), concerned with distinguishing be- 
tucen p lytotoxic products produced in culture media and those asso- 
cjalc. uith disease in plants, coined the term “vivotoxin.” Tliey defined 
a \i\oloxin as a substance produced in the infected host by tlic 
pathogen and/or its host, which is not itself the initial causal agent 
of disease. Influenced by Kochs "rules of prooP tlicy propose three 
criteria for the establishment of a "vivotoxin,” namely: (a) isolation from 
diseased but not from healthy plants, (b) chemical cliaractcrization. and 
(c) production of disease s>Tnploms or a portion thereof on reintroduc- 
tion into a hcallliy host. Tlic only clear-cut examples of toxic materials 
tliat appear to meet all these requirements arc ethylene, Dimond and 
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ment The conclusion is reached that the toxin (or foxms) produced by 
Helminthospoi'iujn sdtwum predisposes barley seedlings to uivtision by 
inducing premature senescence This effect is illustrated in Fig 1 
In nature, the organism growing on infested seeds, crop debris, or 
senescmg coleoptile sheaths would have ample opportunity to produce 
the toxin winch could then affect actively growing crown tissue and pre- 



400 200 100 50 0 


Concentration of Crude Toxin (p.pm) 

Fig 1 The effect of treatraeot with toxm on the susceptibility of barley 
seedlings to Helmmthasparium salioum The plants in the lower row were watered 
once with the toxin solutions at time of emergence Those m the upper row were 
treated with similar solutions to which spores had been added 

dispose It to invasion This seems to be parallel to the response described 
for aromatic aldehydes (Rands and Dopp, 1938, Graham and Greenberg, 
1939). Preliminary work on tlie chemical nature of the Ilclmmlhospanum 
toxin suggests that it is an unsaturated aliphatic .aldcliido with a 
molecular weight of about 220 

Hclmmthospormm oryzeae {Ophiohohis mttjahcamis) causes a dis- 


318 


n. A. LUDWIG 


(1950) on the phytotoxic principle in EnccUa leaves. This principle, 
shown to be 3-acetyl-6-methoxybenzaldehyde (III), inhibits growth of 
sensitive plants such as tomato at concentrations as low as 20 p.p.m. 
Fallen Encelia leaves retain their toxicity toward tomato for at least a 
year and the toxic factor can be leaclied into the soil by water. Finally, 
Schreiner and Shorey (see Skinner, 1918) isolated a-methylisonicotinic 
acid (IV) from infertile soil in the Tacoma district of Washington and 
found it to possess strong growth inhibitory properties. 



C=0 

/ 

H 

salicylaldehyde 



(ID 

vanillin 


ail) 

S-acetyl-O-mcthoxybcnraldehj dc 


COOH 


av) 

o-methyl isonicotinic acid 


Ludwig et al. (1956) showed that artificial infestation of soil by 
spores of Helminthosporium sativum PK and B is ineffective in inducing 
disease development in barley seedlings. Whole culture organic inocula 
were highly potent but their activity could be reduced or eliminated by 
leaching with water. Heat sterilization sufficient to kill the organism 
failed to eliminate activity. They found further that the addition of 
sterilized inoculum to nonsterilized planting soil predisposes the barley 
seedlings to invasion by a variety of organisms including Fythium and 
Fusarium species. Seedlings treated with active culture filtrates or crude 
preparations of the toxin show stunting, chlorosis, loss of normal tropic 
responses, and death, symptoms characteristic of Helminthosporium 
seedling blight but no necrosis unless invaded by secondary micro- 
org^isms. Ludwig (1957) found the toxin to be nonspecific in relation 
to host, affecting wheat, oats, and barley equally. While strains of the 
fungus varied in their ability to produce toxin, and high toxin produc- 
tion was associated with high pathogenicity, some other factor of organ- 
ism, perhaps a second toxin, appeared to be involved in disease develop- 
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Since HCN levels as high as 2400 p.p m. were demonstrated in some 
tissues, they logically suggest that it is the agent responsible for death 
of cells. Winter snow and ice cover would block the outward diffusion 
of the gas that might be expected under other circumstances. The disease 
optimum of 2-4*^ C. is lower than the optimum of 12° C. for HCN pro- 
duction. The lower temperature might however be expected to favor 
accumulation (Bartholomew et al, 1942). Here again then we would 
appear to have a situation in which the production of a toxin paves the 
way for tissue invasion by a microorganism. It is tempting to suggest in 
relation to the peach replant problem that microbially produced HCN 
affects the young tree and paves the way for root invasion perhaps b>' 
other normally nonpathogenic organisms, i.e., a root disease complex 
composed of two or more organisms none of which alone can establish 
themselves in the host. 

III. Toxin Production by Alternaria 

Toxin production has been associated with the development of early 
blight in Solanaceous hosts. Thomas (1940, 1948) observed chlorosis and 
necrosis in the top of tomato plants apparently only carrying the causal 
fungus, Altemaria solani, in a basal stem lesion. He also noted the rapid 
necrosis of leaf tissue around a point of infection He concluded that 
these observations were most easily explained on the basis of a toxin 
produced by the fungus. Pound and Stahmann (1951) provided further 
positive evidence of the involvement of a toxin in the disease by studying 
the effect of various types of inoculation Inoculation of the petiole on 
one side resulted in chlorosis or necrosis of the leaflets on that side. 
The fungus could readily be reisolated from the lesion but not from 
chlorotic or necrotic tissue away from it. A similar effect on the top of 
the plant resulted from one-sided lesions at tlie stem base. Here the 
leaves supplied by that portion of the vascular system under the lesion 
appeared to be the ones affected. Lesions on nonvascular leaf tissue had 
only a local effect. 

Brian et al (1949) isolated a biologically active substance from cul- 
ture filtrates of Altcrnaria soJani, They proposed the name "altemaric 
acid” for it. In later work, Grove (1952), showed it to be an unsaturated 
dibasic acid with an empirical formula of CjiHjoOa. Tlic details of its 
structure, however, yet remain to be elucidated. An apparently identical 
product was isolated by Pound and Stahmann (19ol). Darpoux ct el 
(1950, 1952) described a biologically active material that they isolated 
from A. solani and gave it the name altomarin. It was inactive when 
spraved on tomato plants but inhibited the gro\\tli of a number of funt;i 
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ease in rice similar to that produced in barley by H. sativum. Orsenigo 
(1956a, b; 1957) demonstrated tlie presence of a toxic substance in cul- 
ture filtrates which reduced germinability and produced abnormalities 
in rice seedlings. He extracted the principle with chloroform and par- 
tially purified it by further solvent extraction. Tliis product, cochliobolin, 
was found to be extremely toxic to rice seedlings, affecting root and shoot 
growth at low concentrations. 

Kerr (1956) reported on infection studies with Rhizoctonia sotani in 
which he employed a dialyzer tube to separate plant from inoculum. 
This barrier effectively prevented the passage of the organism but per- 
mitted the outward diffusion of chemicals from the root and the inward 
diffusion of products of microbial origin. Rhizoctonia was obviously 
affected by root excretions since its growth followed lines of root contact 
on the cellophane. Further, discoloration of roots occurred beneath the 
fungal mats, thus demonstrating a phytotoxic principle produced by the 
fungus These results suggest tliat diffusing plant substances encourage 
the growth of the pathogen on tlie root where it evolves toxins which 
condition the host to invasion. 

There is some evidence for toxin production by species of Pythium. 
Vanterpool (1933) found evidence of a toxin in his studies on Pythium 
root rot of wheat. More recently, Brandenberg (1950) studied the 
physiology of a species of Pythium found attacking the fine roots of 
beet. A toxic substance was found to be produced and it is postulated 
that it is swept from the root source to the foliage where symptoms are 
produced. The possibility of its being a pectic enzyme is not excluded. 

Difficulty is often experienced in establishing a peach transplant in a 
site where an old tree has been removed. A number of workers (Proeb- 
sting and Gilmore, 1941; Upshall and Ruhnke, 1935) have shown that a 
toxic condition of the soil is associated with the "peach replant problem. 
Peach roots contain the cyanogenic glucoside amygdalin. Patrick (1953) 

emonstrated that both peach roots and pure amygdalin when subjected 
eit er to direct enzymatic or microbial breakdown produce substances 
toxic to peach seedlings. Among these degradation products are benzal- 
dehyde and hydrogen cyanide. 

Broadfoot and Cormack (1941) and Cormack (1948) studied a dis- 
ease of alfalfa caused by an as yet unidentified low temperature Basidio- 
mycete which they named descriptively "winter crown rot.” Lebeau and 
Dickson (1955) demonstrated that the organism possessed the necessary 
enzymes for HCN production when an appropriate substrate was pro- 
vided. Organic inocula, particularly those prepared from ground alfalfa 
crowns, promoted both kill and HCN accumulation in affected tissues 
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correlated. These workers affected partial purification of the toxin and 
obtained some evidence of its production on infected fruit. The name 
“phyto-altemarin” was given to the toxin. It was shown to be different 
from altemaric acid. It is not clear whether or not the action of this 
toxin has the same host specificity as the organism. 

IV. Diapobthin and Chestnut Blight 

Chestnut blight caused by Endothia parasitica appeared in New York 
in 1904 and finally destroyed virtually all the chestnuts on the North 
American Continent. In 1953, Bazzigher showed that culture filtrates of 
the organism contained a toxin which he named “diaporthin.” This sub- 
stance was nonspecific in that it was shown to affect a variety of plants 
including chestnut and tomato Further studies (Gaumann and Naef- 
Roth, 1957; Boiler et al , 1957) showed that at least two toxins arc 
produced in uitro by Endothia parasitica These are diaporthin with 
unknown chemical structure but eihpirical formula of CjaH^O^ and a 
bianthroquinone, "skyrm,” with empirical formula CsoHisOjo. The former 
is known to be produced only by Endothia while the latter synthesized 
by both Endothia and Penicillitm islandtcnm. Both substances are rela* 
lively nonspecific in their action. As with many other toxins, the role of 
these materials in disease development has yet to be demonstrated. 

V. Rice Blast 

Blast, caused by Plriculana onjzae, is tlie most destructive disease of 
rice in Japan and other humid areas The symptoms consist of spotting 
and severe necrosis on the leaves, culms, panicle branches, and floral 
structures. Tamari and Kaji (1954b, 1955) isolated two toxins from the 
culture filtrates of the organism The first of these, ‘'toxin A,” with an 
empirical formula of CgH^NOj proved to be o-picolinic acid. Tlie second, 
"toxin B,” with an empirical formuia of CsiHmN.Oa yet remains to be 
identified. The authors applied the name piricularin to toxin B. Piriai- 
larin was found to be a much more potent growth inhibitor th.in 
«-picolinic acid, being active at a dilution of 1/400,000. At 1/1,000,000 
It was stimulatory. Chlorogenic acid, stated to be the principal poly- 
phenol of the plant, completely eliminated the grou th inliibitoiy action 
of piricularin. The resistance and susceptibility of rice scedlmcs seemed 
to be related to their sensitivity to the combined toxins 

VI. COVCERNTNC TOXIVS AND 7TIK l^ASCLT.AR Dssn.\Si:S 

The so-called vascular diseases arc caused by a group of pitlio^rn? 
capable of penetrating through the crtcmal tissue of tlie fiost and cstah. 
lishing themselves in tlic nalcr-conducling tissue or xslem Here ti.es 
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Alternaric acid possesses strong antifungal properties (Brian et al, 
1951). Spore germination in some species is prevented by 1 /^g./ml. 
or less, while in others it is unaffected by 100 jug./ml. but growth of 
germ tubes is retarded soon after germination. Very low concentrations 
(0.01 /ig./ml.) are required for the latter effect and, hence, this phenom- 
enon was employed as a principle of bioassay in isolation studies with 
Botrytis allU as the test organism. Using this technique, production of 
alternaric acid or a biologically similar product was demonstrated in 
tomato fruits bearing Alternaria lesions, thus furnishing evidence of 
in vivo production. 

Crude culture filtrates and alternaric acid itself are highly phytotoxic 
and when introduced into tomato shoots either through cut stem ends, 
petiole tips, or intact root systems, produce symptoms of chlorosis and 
necrosis characteristic of early blight (Pound and Stahmann, 1951; Brian 
et al., 1952). It can, then, be carried upward in the vascular system. 
Alternaric acid is a relatively nonspecific toxin, although some plant 
species can withstand a somewhat higher level than others, and it can 
produce lesions resembling those of Alternaria in plants outside the host 
range of A. solani. 

The extreme potency of alternaric add, the striking similarity of its 
toxicity symptoms to natural infections, its translocatability and its known 
production on infected tomato fruits are all strong points of evidence 
in favor of its involvement in the early blight disease. Brian et al. (1952), 
however, found only 2 of the 12 strains of A. solani examined to be able 
to produce it in culture and these were the least pathogenic of those 
studied. This is not altogether surprising since Alternaria solani, in com- 
mon With Helminthosporium sativum discussed in the previous section, 
tends to attack old or senescent tissues. Any factor tending to induce this 
condition whether it be age, adverse growing conditions, or the produc- 
tion of a nonspecific toxin would predispose the plant to attack. It would 
p interesting to know if unilateral petiole inoculations of all 12 of 
Brmns isolates would produce leaflet necrosis as demonstrated by Pound 
and Stahmann (1951) with their isolate. Finally, there is indirect evi- 
dence (Brian et al, 1952; Darpoux et al, 1952, 1953; Pound and Stah- 
other toxins may also be involved. If this is the case it 
would further complicate the situation 

Black spot of Japanese pear caused by Alternaria ktkuchiana is con- 
fined to a few varieties, all varieties of European pear and most of the 
Japanese varieties being either immune or highly resistant. Hiroe and 
Syoya (1954) found that sterile culture filtrates of the organism when 
^Pphcd to pear foliage induced symptoms identical with those of the 
disease itself. Pathogenesis of the organism and toxin production were 



9. TOXINS 


325 


ramanian, 1955; Nishimura, 1957a). Undoubtedly, tliis range will be 
extended as more species and forms are examined. 

Studies on the in vitro production of fusaric acid are often compli- 
cated by the presence of other toxic substances. The difficulty created 
by lycomarasmin production in the case of Fusarium oxysporum f. 
lycopersici was resolved by Kern (1952) who found that the fusaric acid 
inhibited spore germination in Ustilago zeae while the lycomarasmin 
was innocuous. 

The nutritional conditions required for the production of fusaric acid 
appear to be relatively nonspecific, a C:N ratio of approximately 5:1 
being more important than any specific feature of carbohydrate or nitro- 
gen metaholism (Sanwal, 1956). Zinc has been found to be essential for 
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are usually confined to nonliving elements until the disease is in an 
advanced state of development, at which time they proliferate in the 
surrounding tissue. The fungi involved are a specialized group in that 
they can survive and multiply in this sheltered environment. They are 
generally nutritionally nonspecific and with the possible exception of 
the penetration phase of their life cycle lead a semisaprophytic existence 
and can be considered as showing a low order of parasitism, a char- 
acteristic in common with most of the fungi mentioned in the section 
on root diseases. By virtue of their location toxic substances produced 
can be either readily absorbed by surrounding cells or swept through 
the plant with the transpiration stream depending on their chemical 
nature and concentration. The most conspicuous symptom common to 
these diseases is a wilting and, hence, they are generally referred to as 
the wilts. Two theories have been advanced to account for the wilting. 
The first, the bundle plugging or occlusion theory assumes a vascular 
plugging interfering with water translocation and the second, the toxin 
theory, postulates plasma poisons which destroy the osmotic fuction of 
living cells particularly those of the leaf (Dimond, 1955). 


A. Fusaric Acid and the Fusarial Wilts 

The fusarial wilts, especially those of annual species have been ex- 
tensively employed in studies on the physiology of hadromycotic wilting- 
Because of the many morphological and physiological similarities found 
in these diseases, some affinity among the toxins produced by their 
causal organisms would be expected if such toxins are indeed involved. 
This affinity appears to exist in their ability to produce fusaric acid. 

Fusaric acid was originally isolated from Fusarium heterosporium 
Nees by Yabuta et al. (1934) and shown to be 5-butylpicolinic acid (V). 


C,H,- 


— COOH 


, (V) 

Insane acid 


Associated with it in some instances, for example in cultures of F. 
oxysporum f. hjcopersici, is dehydrofusaric acid ( 5 -butylenepicolinic 
acid). Its m vitro production by a number of fungi, all belonging to 
the family Hypocreaceae has been demonstrated (Gaumann, 1957). 
These include Gibberella fujikuroi; Fusarium oxysporum (f. lycopersici$ 
f. vasinfectum, f. niveum, f. batatos, f. nicotianac); F. solani, F. lateri- 
tium, F. monilformae, F. monilformae f. majus and Ncctria cinnabarina 
(Gaumann, 1957; Gaumann et al., 1952b; Lakshminarayanan and Sub- 
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ramanian, 1955; Nishimura, 1957a). Undoubtedly, this range will be 
extended as more species and forms are examined. 

Studies on the in vitro production of fusaric acid are often compli- 
cated by the presence of other toxic substances. The difficulty created 
by lycomarasmin production in the case of Fusarium oxtjsporum £. 
lycopersici was resolved by Kem (1952) who found that the fusaric acid 
inhibited spore germination in Ustilago zeae while the lycomarasmin 
was innocuous. 

The nutritional conditions required for the production of fusaric acid 
appear to be relatively nonspecific, a C:N ratio of approximately 5:1 
being more important than any specific feature of carbohydrate or nitro- 
gen metabolism (Sanwal, 1956). Zinc has been found to be essential for 
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the latter to produce slightly greater quantities of Ixith substances. fhtM 
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are usually confined to nonliving dements until the disease is in an 
advanced state of development, at which time they proliferate in the 
surrounding tissue. Tlie fungi involved arc a specialized group in that 
they can survive and multiply in this sheltered environment. Tliey are 
generally nutritionally nonspecific and with the possible e.xception of 
the penetration phase of their life cycle lead a semisaprophytic existence 
and can be considered as showing a low order of parasitism, a char- 
acteristic in common with most of the fungi mentioned in the section 
on root diseases. By virtue of their location toxic substances produced 
can be either readily absorbed by surrounding cells or swept through 
the plant with the transpiration stream depending on their chemical 
nature and concentration. The most conspicuous symptom common to 
these diseases is a wilting and, hence, they are generally referred to as 
the wilts. Two theories have been advanced to account for the wilting. 
The first, the bundle plugging or occlusion theory assumes a vascular 
plugging interfering with water translocation and the second, the toxin 
theory, postulates plasma poisons which destroy the osmotic fuction of 
living cells particularly those of the leaf (Dimond, 1955). 


A. Fusaric Acid and the Ftisarial Wilts 

The fusarial wilts, especially those of annual species have been ex- 
tensively employed in studies on the physiology of hadromycotic wilting. 
Because of the many morphological and physiological similarities found 
in these diseases, some affinity among the toxins produced by their 
causal organisms would be expected if such toxins are indeed involved. 
This affinity appears to exist in their ability to produce fusaric acid. 

Fusaric acid was originally isolated from Fusarium heterosporium 
Nees by Yabuta et al. (1934) and shown to be 5-butylpicoIinic acid (V)- 
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(V) 

insane acid 


Associated with it in some instances, for example in cultures of F< 
oxysporum f. lycopersici, is dehydrofusaric acid ( 5-butylenepicolinic 
acid). Its in vitro production by a number of fungi, all belonging to 
the family Hypocreaceae has been demonstrated (Gaumann, 1957). 
These include Gibberella fufikuroi; Fusarium oxysporum (f. lycopersici, 
f. vasinfectum, f. niveum, f. batatos, f. nicotianae), F. solani, F. lateri- 
tium, F. monilformae, F. monilformac f, majus and Nectria cinnabarii^ 
(Gaumann, 1957; Gaumann et at, 1952b; Lakshminarayanan and Sub- 
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The symptoms of fusaric acid injury to tomato are not typical of 
the symptoms observed m infected plants (Gaumann, 1957) Damage 
appears first m the stems where cortical tissue over the vascular bundles 
IS destroyed resulting m a furrowing’ This gradually extends out mto 
the petioles as injury progresses Leaf injury occurring later usually 
takes the form of necrotic spots m the intervemal area Epmasty follows 
stem injury As would be anticipated, degree of injury and rate of 
development are functions of toxicant concentration 

The treatment of tomato cuttmgs with fusanc acid results in an 


unfavorable disturbance of tlie transpiration absorption balance (see 
Bachmann, 1936) and attempts have been made to relate this to changes 
m the water permeability of plant protoplasts In the case of epidermal 
cells of Rlweo discolor, a doublmg of the rate of water movement was 
found to occur at a concentration of 1 X 10 ’ Jf (Bachmann 1956) This 
effect decreased to a concentration of 1 X 10-^ M after which a reduction 
m rate occurred Comparisons of the cation content of diseased and 
healthy cotton shoots showed a substanhal reduction of potassium accom 
panied by some increase m magnesium calaum a^ iron m the mfected 
plants (Sadasivan and Kalyanasundaram 1956) This is mterpreted by 
the authors to mean a dearrangement of selecUve absorption and to be 
evidence agamst vascular occlusion as a cause of wilting 

Fusanc acid is a weak acid (Gaumann, 1957 Kern at ol, 1957) with 
percentage dissociations of approximately 2 50, and 100 at pHs 43 
6 0 and 8 7 respectively Cell penetration occurs most readily m the 
undissociated form and hence would be expected ‘o m^ease as pH 
decreases The practical application of this principle was demonstrated 
in an experiment m which tomato cuttmgs were placed m solutions at 
experim decrease as the pH increased 

pous pHs Stem injurj x Presumably, at low pH the 

from 4 3 to 6 8 j j^sed into cortical cells of the stem whereas at 

fusanc acid Jeaves m the transpiration stream m 

high pH It vvas P P pjj conditions 

ionic form „re not available but over the range 

prevailing within a tomato P 

given by Small (1955) tor P virtuallj zero 

degree of ^-30^“'™“ *c elect on water permeability in cells of 
Bachmann (1956), s y g , jj [j, j,g p^jy important at concen 

Rhoeo discolor and Sp'mgpr d^P^^ permeation was pH 

trations greater than IX to ^ reflection of the cations readily 

independent This finding V molecule At low concen 

available for chelation with fg^j.t^ted by metal complexing and 

trations cell penetration mig „ masked Once the suppl) 

the effect of pH on dissociation consequ , 
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apparently confirming and extending the earlier observations of Gaumann 
ct al. (1950) with respect to lycomarasmin. This might be interpreted 
as an argument against tliese substances playing an important role in 
disease development. The possible fallaty of such an argument w'as, 
however, demonstrated by Sanwal (1956) who found tliat this relation- 
ship could be reversed by a simple reduction in tlie nutrient concentra- 
tion of the medium. 



TIME In DAYS 

1 tc 3 litin-ishiji uroulJi, fii\aric acid iirwltictfon, and 

fiivanc a<.id pnx!iu-|io!i in VusaTiutn aifj'tjtonim f. It/coinnicl. (After Gaiirman. 
r»'T.) 
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B. Oilier Toxins Froilticed by the Wilt Fusaria 

Lycomarasmin, isolated from cultures of Fusarium oxysporum f. 
lycopcrsici was the first of the so-called wilt toxins to be characterized. 
It is a dipeptide with a molecular weight of 277 and an empirical formula 
of CoII.jOiNj (Clauson-Kaas et al, 1914). Woolley (1948) reviewed the 
chemical evidence and concluded that it is A^-(a-(a-hydro.\ypropionic 
acid) )-gly'cylasparaginc. Lycomarasmin has hecn isolated only from 
culture filtrates of the tomato wilt Fusarium and apparently it either has 
not been recognized or docs not occur in similar culture filtrates of other 
closely related wilt fusaria. Dimond and Waggoner (1953o), in their 
studies on the in vitro production of lycomarasmin concluded that it was 
a product of lysis rather than of actively growing mycelium. Gaumann 
(1957) however, takes exception to this conclusion and states that 
lycomarasmin can bo demonstrated in die mycelium of F lycopcrsici 
as early as the scventli day but reaches a maximum by the forty-fourth 
day Wliilo in vivo production has not been demonstrated, the nutri- 
tional requirements for its production are relatively nonspecific (Dimond 
and Wagoner, 1933o) and its actual production within the conductag 
tissue of the living plants must certainly be considered a possibility. 

Although lycomarasmin when applied to tomato cuttings does not 
produce s^ptoms typical of Fusarium wilt this does "ot preclude the 
possibility *at it plays a vital role in the development of *0 disease 
since a cLtinuous low level of production wUli.n the host may have an 
effect quite different from a large single application applied ^ ^ « 

of a cutting. Lycomarasmin forms a chelate complex with iron that is far 
more toxic than lycomarasmin itielf although it produces an identical 
//■■' rsnr, erf nl 195^^3 b). Thc 000061 complex, by con- 
symptom picture o .. . 

trast, IS nontoxic (Kera 19061. ^ lycomarasmin, a weak chelator, and 

reported on the “‘f,™ ,o M and Malleys (1947, 1948) 

a senes of cations -Komplexon III,” a strong chelator 

stabihty rf elparison. Magnesium had no effect 

was also included e reduced the toxicity of the strong 

on on^ycoma^^^ a weak chelator. Cobalt, 

chelator but had ^ agents although increasing above a 

nickel, and “PP“ "“crtoldty. Iron is apparently carried to 

1 : 1 M ratio resulted in romolex. This then breaks down under 

the leaves as the an excess of iron which is phytoloxic. 

the influence of light to hb ^ 

men lycomarasmin is app in lower regions resulting 

there may be a twofold effec . upward to the leaves and 

from the binding of iron an ^ 

iron toxicity resulting from the release or 
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o£ cations became exhausted, the degree of dissociation would then 
become important. 

Deuel (1954) has recently reviewed the literature pertaining to the 
metal relationship of the wilt toxins. Fusaric acid (V) and picolinic acid 

(VI) are equally effective as growth inhibitors while nicotinic acid 

(VII) and the ethyl ester of fusaric acid (VIII) show little activity. 
The first two can form metal chelates while the latter two cannot. 


(V) 

fusaric acid 
COOH 


picolinic ncid 


(VII) 

nicotinic acid 


(VIII) 

ethyl ester of fusaric acid 


Bachmann (1956) found the ethyl ester to be as effective as fusaric acid 
itself in altering the water permeability of Rhoeo protoplasts. She con- 
cluded from this that metal chelation was not an important factor in 
activity. This discrepancy may be explainable on the basis of hydrolysis 
in certain biological systems. 

Considerable emphasis has been placed by the Madras school on the 
metal chelating properties of fusaric acid in the physiology of wilt 
development. Lakshminarayanan (1955) found the activity of fusaric 
acid to be potentiated by iron. In analyses of resistant and susceptible 
plants cystine was demonstrated in the former but not in the latter 
(Kalyanasundaram and Saraswalhi-Devi, 1955; Kalyanasundaram and 
Subra-Roa, 1957). Increasing temperature from 32.5° to 37.5° C. re- 
sulted in a progressive increase in detectable fusaric acid and decrease 
in wilt in infected plants. Cystine was present at 37.5° C. but not at 
32° C. Preferential chelation of the iron by cystine, rendering it unavail- 
able to the toxin, is suggested as an explanation of resistance. It has been 
demonstrated further (Subramanian, 1956) that pretreatment with 8* 
hydrox>-quinolinG protected cut shoots from the toxic effect of culture 
filtrates and functioned also as a chcmothcropeutant on infected plants. 
Again preferential metal chelation is advanced as the explanation. While 
metal ions may influence the m vivo production and potentiation of the 
toxin, a poor chelator such as fusaric acid would not be expected to 
disturb trace elements present in a bound form and thus create deficient’ 
sxTnptoms. Finally the reaction of a susceptible cotton variety g^o^^■n in 
infested soil was found to be altered to that of a resistant one by zinc 
fertilization (Kalyanasundaram, 1934). 
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hand it carried no iron and on the otlier hand it cannot chelate on its 
way through the shoot iron ions of the host. In this case the transpiration 
of the tomato shoot does not show the characteristic curve of lyco- 
marasmin injuries. Hence, lycomarasmin without iron is without effect 
in the field of e.vcessive transpiration.” 

Hiroe and Nishimura (19S6a,b) demonstrated the presence of a toxic 
principle in culture filtrates of the watermelon wilt Fusarium (F. oxy- 
sporiim f. niuetiTn) and succeeded in isolating it in crystalline form. 
Tliey named the substance phytonivein. It was found to have an em- 
pirical formula of C^H.cO^ and to show many of the reactions of a 
steroid substance. Its occurrence in diseased watermelon plants was 
demonstrated chromatographically. There seemed to be a good correla- 
tion between in vitro production and the pathogenicity of strams of 
Fusarium Cut shoots and seedlings of watermelon were permanently 
wilted by toxin concentrations of 10 = M. Phytonivein showed some 
chelating properties and appeared to affect the respiratory cycle (N.shi- 

mura 1956, 1957b, c). j xv • a 

Dimond and Waggoner (1953a) demonstrated the m tnfro and 
in vivo production of ethylene by Fusarium oxysporum l. lycopersm, and 
showed it to be the cause of the epinasUc symptoms of toinato wil . 

Ethyl alcohol has been suggested as a possible cause 
induced epinasty in the tomato (Ludwig, 1952), Dimond and Waggoner 
il953al investigated this possibility and discounted it since amounts of 
I u In eveess of those demonstrable in either infected plants 
ethanol greatly in jhe response. Scheffer and Walker 

or art^mal culture f Jefferson variety and grew them 

(1954) inoculated plants of the resista j 

in nuWent solutions 12 to 15 days while the 

treated plants were n^nrantens .apparently unaffected. No epi- 

comparable uninoculated co I nnaffected in parallel 

nasty was reported ™ „.butyl alcohol. Alcohol con- 

experiments I’i/bfve been reported for artificial cultures of 

centrations as high as 
F. oxysporum f. lycopersici (Luz, 

C The Hole of Toxins m Fusarium Induced Wilt 

nn«ible role of toxins in the fusarial wilt 
Before discussing the p enzymatic processes, 

diseases, brief reference mus ^ the 

Ludwig (1952) adv.mced This conclusion was later 

result of occlusion of the c Walker (1953) who also 

strengthened by the findings PuHure filtrates is heat labile and 

showed that the active prmcip substances enzsmatic in char- 

nondialyzable indicating a substance or 
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itself. Further evidence for this pattern of behavior was obtained by 
Gaumann and Bachmann (1957) who studied the effect of lycomarasmin 
on the protoplasts in cells of epidermal strippings of Rhoeo discolor. 
Lycomarasmin applied alone was found to have no effect on water 
permeability but when applied in a 1 ; 1 M ratio with iron, produced a 
progressive increase in the rate starting with no effect at 10 ^ Af to a 
doubling at 10'^ M. This effect is illustrated in Fig. 4. It explains the 
fact that doses of lycomarasmin applied on successive days showed 
progressively less effect since available iron is swept away on the first 
day. 



Fjc. 4. Tlip effect of lycomarasmin and its iron chelate on the water permeabil- 
ity' of lihoco cells Tile chelate was prepared by adding an equivalence of iron to 
each of the test solutions. (After Gaumann and Bachmann, 1957.) 

Gaumann ct al (1952a) and Kcm (1956) studied the effect of lyco* 
marasmin on tlic water balance in tomato cuttings: “If tomato cuttings 
arc allowed to lake in the lycomarnsmin-iron complex saturated witli iron 
1 : 1 they show the same characteristic curve of disturbed transpiration 
as they do with pure lycomorasmin although the saturated lycomarasmin- 
iron complex cannot chelate iron ions of the host on the way. The oppo- 
site occurs if hcomarasmin is shielded from iron so that on the one 
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stances such as lycomarasmin, and second the demonstration that lyco- 
marasmin and fusaric acid alter tlie water permeability of plant proto- 
plasts. In the first instance, as already pointed out, the morphological 
symptoms produced by high dosages do not coincide with those asso- 
ciated with the disease. A collapse in water economy and wilting may 
be expected to result from the application of sufficiently large amounts 
of any translocatable nonspecific toxicant. Low dosages of lycomarasmin 
produce an increase in transpiration rate but no general breakdown. 
This certainly indicates a disturbance of physiological processes but is 
not convincing as the primary cause of wilting when the large changes 
in transpiration rate, occurring from day to day as a result of environ- 
mental changes, are considered. The same may be said for observed 
changes in the water permeability of the protoplasts where a doublmg 
in rSe has been recorded. The permeability of onion pulp cells, for 
example, has been reported as 03 ml. sq. cm. of cefi surface Per -"mute 
per atmosphere of difference in osmoUc pressure (Davson and Damelh, 
1952). The potenUal for water flow through a normal protoplast is, there- 
fore, much greater than the actual flow, teversible 
and solute permeability are to be expected as death approaches and ffie 
osmotic system breaks down. It is easy to confuse cause and effect here 
and difficult to separate them experimentally. The °^4s5 tnd 

wilted leaves and leaflets when placed in 

Ludwig, 1952) is evidence strongly m favor of an effect rather than 

a cause. resistant and susceptible cotton plants 

Biochemical “^“^^tlogSl differences in addiUon to the dif- 
have shown a number of ^ys 1 g with wilt develop- 

ferences in cystme ““7' ,,.own to have a higher carbohy- 
ment. to susceptible ones (Kalyanasundamm. 

drate and ascorbic . content of the roots of susceptible varieties 

1955). Further the pec resistant ones, ssmthesis and 

has been ‘°7^'fhc%ools in the former and leaves in the latter 

storage tending to be m the i„ other words, to be a 

(Lakshminarayanan. and resistance, 

correlation betsveen root p , yish itself in the xylem vessels of 

Tire ability of the ^g”^ '“Tlj by factors within die host (K.al- 
a given plant appears to be g Scheffer and Walker, 1951) and 

yanasimdaram, 195 d; .’ odiicing cap.abilitics of the pathogen 

is thus independent of the P susceptible v.arict>-. the fungus 

During the early stages of ll presumably excluded from 

remains confined to the \vl • . f t],c i,ost. Under cool condi- 

tho cortical tissue by the ^“"tocc of infection for a pro- 

tions a plant may sno\' 
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.acter. In subsequent work (Winstead and Walker, 1954; Waggoner and 
Dimond, 1955; Pierson et ah, 1955; Gothoskar et ah, 1953), pectic en- 
zymes, primarily pectin methyl esterase, have been identified with this 
activity. The exact mode of action is not clear but presumably occluding 
plugs of pectic material form in the xylem vessels at the expense of the 
pectins in the cell wall (see reviews by Dimond, 1955; Wood, 1955). 
Evidence for this is to be found in the wilt-producing effects of enzyme 
preparations and histological evidence of pectic plugs and wall dis- 
solution. 

Vascular browning, another symptom characteristic of wilt, has also 
been ascribed to enzymatic action (Winstead and Walker, 1954; Davis 
and Dimond, 1954; Davis et ah, 1953; Gothoskar et ah, 1953 ) . It appears 
to be due to the oxidation of phenolic substances to melanins by the poly- 
phenoloxidases. The phenols involved may arise from the splitting of 
conjugated phenols, perhaps jG-glucosides, by fungal enzymes. Gaumann 
et ah (1953) isolated a browning factor from culture filtrates. They 
called it vasinfuscarin, and suggested that it was enzymatic in character. 
Many preparations of the pectin esterases have also produced vasailar 
browning. This is probably due to impurity rather than to the enzyme 
itself. 

According to the concepts laid down in the introductory paragraph of 
this chapter, none of the enzymes involved here can be classed as toxins. 
The phenols could, however, be considered in this category since they 
exist in the stem of diseased but not healthy plants, and are directly 
responsible for the browning symptoms and may exert other physiological 
effects, perhaps even wilting (Davis and Dimond, 1954). 

In fusarial wilt of tomato, a multiplicity of morphological symptoms 
precede and ultimately end in wilting and death. An attempt to 
reconcile all observations relating to the physiology of the pathogenism 
of the disease leads almost inevitably to the conclusion already published 
by Dimond (1955), namely, that what we observe is "the combine 
effect of many causes." Some symptoms such as epinasty, where ethylene 
is involved, can be traced to a single causal factor but this is the excep* 
lion rather than the rule. Toxins arc deeply involved as the previous 
discussion indicates and the work of Gottlieb (1943, 1944) on tracheal 
sap clearly demonstrates. Yellowing might be due to an effect of ethylene 
or to a robbing of iron from the cliloryphyll molecule by lycomarasmin 
or an indirect effect accompanying a general senescence and decline of 
the plant. 

Tlie evidence implicating toxins as a primar)’ cause of wilting is 
strong. It consists first of the demonstration that a collapse in water 
economy occurs when cut tomato shoots nre allowed to take up sin)* 



9. TOXINS 


335 


The pectic enzymes produced differ quantitatively from those previously 
reported for Fusarium oxijsporum f. Itjcopersici but the study of a 
broader range of material is necessary before any definite conclusion 
can be drawn m this regard. Talboys (1957) found some evidence that 
toxins are involved in Verticillium wilt of hops. These are, however, 
nonspecific since symptoms of desiccation and necrosis induced by cul- 
ture filtrates bear no relationship to either the pathogenicity of the fungal 
strain or the wilt tolerance of the hop variety. The author suggests tliat 
there is a ''determinative phase" in which the organism establishes itself 
in the vascular tissue and a later "expressive phase" in vvhich visible 
symptoms appear and in which toxins are operative. 

Young cotton shoots were found by Kamal and Wood (1956) to wilt 
rapidly when placed in culture filtrates of Verticillium dahliac. Toxicity 
of these filtrates to parenchyma cells appeared to be related to proto- 
pectinase activity while wilting seemed to result from the uptake of 
thermostable compounds of high molecular weight. Vascular browning 
was obtained only when solutions containing protopectinase were used 
Here, however, only crude preparations were employed and hence the 
possibility of a contaminant cannot he excluded. 

E. Southern BacteriaX Wilt 

Pseudomonas solanacearum attacks a wide range of solanaceous and 
other hosts. Hutchinson (1913) introduced the toxin theory of wilting as 
a result of his work on the Rangpuror Southern bacterial wilt of tobacco. 
His conclusions were drawn from the observation that an aqueous solu- 
tion of an alcohol precipitate from beef broth cultures induces wilting 
when introduced into the tobacco plant. Tliis view has recently been 
supported by Kunz (1952) who separated two toxic fractions from 2- to 
5-month-old culture filtrates. One of these was thought to be a bacterial 
slime, complex polypeptide in nahire, that occluded water conducting 
tissue and the second a plasma poison causing an osmotic disturbance in 
the leaves. Other workers (sec Grieve, 1941) found no evidence of 
toxins and concluded that wilting is caused by a mechanical plugginc 
of vessels by masses of bacteria. In an attempt to clarify this situation, 
Husain and Kelman (193S) made a detailed comparison of the behavior 
of strains of Pseudomonas solanacearum differing ^videl>• in their patho- 
genicity. Culture filtrates from young (2-M8 hour) colonics of the 
virulent strain caused wilting in tomato cuttincs while comp.nrahlc 
filtrates from a weaklv virulent and nonWrulcnt strain were uithout 
effect Further, a heat stable viscous substance causing reversible wilting 
in tomato cuttings was isolated from filtrates of the virulent strain 
but not from the nonvirulcnt or avinilcnt ripe. Tin's STibst.incc appenred 
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tracted period of time. At the onset of wilting, the organism grows out 
of the xylem vessels and proliferates rapidly in the surrounding living 
tissue. It is suggested that the nonspecific toxins produced by the organ- 
ism pave the way for this final stage of the disease. Actual wilting may 
result from the combined effect of impaired osmotic function and the 
increased resistance to water movement resulting from vascular occlu- 
sion. The general association of fusaric acid with the fusarial wilts indi- 
cates that it may be the primary toxin concerned; furtlier, the association 
of a-methyl isonicotinic acid with infertile soil (Skinner, 1918) and 
a-picolinic add with rice blast (Tamari and Kaji, 1954b) suggests that 
a family of similar toxins may be involved in a broad group of diseases 
caused by weak parasites. 

D. The Verticillium Wilts 

Verticillium albo-atrum is an unusual pathogen in that it attacks a 
wide variety of plants including trees, shrubs, ornamentals, vegetables, 
and weeds with very little evidence of host specialization. Donandt 
(1932) for example isolated it from more than 70 plant genera and 
found each isolate to be transferable to each other host. Some differences 
in pathogenicity were noted but this would also be expected among a 
comparable number of isolates from a single host species. Bewley (1922), 
in his early studies on the sleepy disease of tomato, demonstrated that 
culture filtrates of the causal fungus could produce many of the symp* 
toms of the disease itself when introduced into cut shoots. He concluded 
that the activity factor was enzymatic in character and that the wilting 
symptoms arise as a result of vascular plugging by pectin-like material- 
Others (see Green, 1954), have suggested nitrites as the wilt inducing 
toxin of Vcrticillitim (ilho~(itrum. More recently. Green (1954) reinvesti- 
gated the nitrite theory and found no evidence to substantiate it. The 
presence of wilt-inducing toxic substances in culture filtrates was re- 
affirmed. Tlie fraction responsible for the responses, other than vascular 
browning, was found to be a proteinaceous material which did not 
appear in detectable amounts until after the onset of autolysis. A poly- 
saccharide fraction also was isolated. Tliis produced vascular discolora- 
tion and gummosis hut only in the absence of the proteinaceous material. 
Green concluded that this discoloration is atypical and results simply 
from the inhibition of the amber color of the polysaccharide. In view o 
the association between activity and autolysis it is difficult to see any 
relationship here between m vitro and possible in vico activity. SchcfTcr 
ct al, (1930) found transpiration to be depressed before and during 
willing and concluded that this is due to vascular blocking. Culture 
filtrates were found to contain a heat labile vascular brouminc factor. 
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Oak wilt has been described as one of the most destructive tree 
diseases. While all oak species apear to be affected by the disease, it is 
most severe in trees of the red oak group. Symptoms progress from the 
crown of the tree downward The leaves typically wilt, turn brown, and 
fall. The causal fungus, Endoconidiophora fagacearum (Chalara quer- 
cina), is a typical vascular pathogen and appears to spread through a 
tree by movement in the transpiration stream (Young, 1949). Young 
(1949) found that oak cuttings, placed in cell-free culture filtrates of the 
organism, wilted rapidly and developed symptoms characteristic of those 
observed in small greenhouse inoculated plants. White (1955), in a more 
detailed study, found two nonvolatile thermostable toxins to be involved; 
one was responsible for the wilting and drying of the leaves while the 
other produced necrosis. 

Nectria cinnabarina causes a disease of numerous trees and shrubs 
including apple and currant, frequently referred to as coral spot. This 
organism is a wound pathogen and invades the cortex and xylem causing 
a brown discoloration of tissues. The vessels become invaded by hyphae 
and their plugging by a brown gummy material is obvious. Invasion is 
limited and the mycelium of the fungus does not appear to extend much 
beyond the discolored area. The necrosis and wilting frequently noted in 
leaves above a diseased area have been variously attributed to a cutting 
off of water supply and to the formation of translocatable toxins (Uri, 
1948; Kobel, 1951), Gaumann (1957) states that this organism also can 
produce fusaric acid. Kobel (1951) concludes that wilting, the major 
symptom, is due to an interference with translocation but that leaf 
spotting is due to the action of a toxin. 

It must be concluded in relation to this group of diseases that toxins 
are definitely “suspect” but that a knowledge of their nature and role 
must await the outcome of future investigations. 


VII. Ethylene as a Fungal Toxin 
A study of substances which affect the physiological processes of tJic 
plant and in so doing may predispose them to disease leads almost in- 
evitably to ethylene. This substance has been studied extensively by 
plant physiologists in relation to fruit ripening and is now generally 
accepted as the cause of the climacteric rise in the respiration of ripening 
fruits (Biale, 1950). It also induces fruit softening associated with pcclic 
changes, notably an increase in soluble pectin and a OTircsponding de- 
crease in insoluble protopectin. Ethylene has also been studied ex- 
tensively in relation to auxin balance and foliar htera ure 

relating to this question has been rcvicxvcd by Hall (IDj-). EthUene 
promotes abscission hut its effect can be countcr.acted by auxin treat- 
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to be a high molecular weight polysaccharide with glucose as its main 
component. Tracheal sap from plants inoculated with a virulent strain 
also induced wilting. This sap was shown to contain a polysaccharide 
similar to the one produced in culture. When grown on solid media, the 
cells of the pathogenic form were found to possess a slime sheath while 
the avirulent ones did not. This sheath appeared to be composed of the 
extracellular polysaccharide previously demonstrated. The evidence, to 
indicate that wilting results from a restriction of water flow caused by 
increased viscosity of the tracheal sap, is, thus, very convincing. 

Polysaccharide production has also been demonstrated for a number 
of other plant pathogens and associated with wilting. These include 
Ceratostomdla ulmi (Feldman et al, 1950; Dimond, 1947), Fusarium 
solani f. eumartii (Thomas, 1949), Verticillium albo-atrum (Porter and 
Green, 1952), and various bacteria (Feder and Ark, 1951). 

F. Toxins and the Wilts of Woody Plants 

There are a number of wilts of woody plants that bear at least a 
^perficial resemblance to the fusarial wilts in that their causal organ- 
isms are primarily vascular parasites and they are characterized by a 
yellowing and rapid wilting of foliage. Some progress has been made 
toward an understanding of the physiology of disease development 
despite the fact that the nature of the host makes experimentation much 
more difficult than with annual hosts. 

Although frequent reference is made to toxins in the literature on 
Dutch elm disease, there is very little direct information concerning 
them. Zcntmeyer (1942) freed culture filtrates of Ceratostomella ulmi of 
mycelium by passage through a Berkfield filter and injected them into 
young elm trees. After 3 days, typical symptoms of Dutch elm disease 
appeared. Tlie principle involved was apparently nonenzymatic in nature 
since It withstood boiling for 5 minutes. Dimond (1947) obtained es- 
sentially similar results and showed that culture filtrates contain at least 
hvo toxic factors, one of which appeared to be a polysaccharide. Feldman 
ct fli. (1930) concluded that polysaccharides are not the main cause of 
the disease. They found the second toxic principle of Dimond to be 
at high pH’s, It accumulated in culture only at relatively low 
^ 11 field soil, applications of toxic chemicals were found 

to delay disease development. This could be an effect on toxin stability 
or simply an effect on growth. Beckman (1958) has shown that sjanptom 
expression in Dutch elm disease can be delayed by treatments that re- 
tard tree growth. Tliere is then evidence of the production in culture 
filtrates of toxic substances wliidi arc circumstantially linhcd to disc.asc 
development. 
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respectively. Johnson and Murwin (1925) demonstrated that sterile 
culture filtrates of P. tabaci would produce wildfire symptoms. This 
observation was confirmed by Clayton (1934) who showed the toxic 
principle to be heat stable. Leaf prick inoculations with either tlie 
toxin alone or the toxin plus bacteria resulted in the development of 
typical wildfire symptoms on many plant species. Comparable inocula- 
tion with the bacteria aIone» however, only gave consistent positive 
results on Nicotiana species. Thus, the toxin was shown to be nonspecific 
but its production dependent on the ability of the organism to multiply 
on the host concerned. 

Braun (1937) made a detailed comparison of the two organisms, P. 
tabaci and P. angulatum, and found them to be morphologically, physio- 
logically, and serologically indistinguishable. Strains could, however, 
be readily separated on the basis of host symptomology. Nontoxin- 
producing strains of P. tabaci were relatively easy to produce. These 
produced symptoms similar to those of P. anguJatum on tobacco leaves. 
Since no evidence of the reversion of a nontoxin-producing strain to a 
toxin-producing one was obtained it is suggested that P. angulatum may 
be a strain of P. tabaci. Clayton (1936) described epidemic forms of the 
two diseases that are indistinguishable. Here the organism appears to 
spread so rapidly through water-soaked leaves that general necrosis pre- 
cedes the development and dfifusion of the toxin. 

A tobacco leaf assay procedure has been developed for the wildfire 
toxin (Woolley et al, 1952a) which was employed to monitor steps in 
isolation procedures and an apparently pure product was obtained. Tliis 
product was highly active, 0 1 jug./ml. producing a halo on a tobacco 
leaf. It was also highly unstable, particularly at high pH’s, and very 
hygroscopic. Analytical findings indicated the toxin to he an a-amino 
acid. This work was continued (WooHey et al , 1952b, 1955) and the 
toxin found most probably to be the lactone of a-lactylamino-0-hydrox>'- 
S-aminopimelic acid. Complete acid hydrolysis gives rise to tlie amino 
acid, a, 2-diamino-0-hydroxypimelic acid, and lactic acid. Tlie name 
tabtoxinine was applied to the former. It is inactive in cither the forma- 
tion or inhibition of wildfire halos. Treatment with dilute alhali results 
in an opening of the lactone ring. 

Parallel to the work on characterization, studies on bioIog/c.aI activity 
of crude toxin preparations xvcrc in progress. Braun (1930) found 
growth of the green alga Chlorella vulgaris to be inhibited by the wild- 
fire toxin. Since this alga can be readily cultured, it lends itself to 
studies of this kind. Tlie deleterious effect of toxin concentrations suf- 
ficient to inhibit growth completely was found to l>c completely o>cr- 
come by the addition of liver extract to the medium A large numlicr of 
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ment. Although both auxin and ethylene are less abundant in older 
tissues than they are in actively growing tissues it is the balance rather 
than the absolute amount that seems to be important in regulating the 
level of physiological activity in cells. Williamson (1950) confirmed 
the fact that a low level of ethylene production is normal in plant tissues 
and showed that it frequently appears in greatly increased amounts in 
response to injury or disease. He suggested that it might be responsible 
for rapid yellowing and early leaf abscission. It is a metabolic product 
of the green mold fungus Penicillium digitatum (Young et al, 1951) and 
lemons infected with this organism show a respiratory rate as much as 
100% greater than the controls. 

Dimond and Waggoner (1953a) investigated the cause of epinasty, an 
early symptom of tomato fusarial wilt (Wellman, 1941). They found 
ethylene to be produced by the organism in culture and by diseased 
plants. The amounts demonstrated were adequate to cause epinasty and 
yellowing. Crude enzyme preparations from Penicillium digitatum and 
apple juice were found by Hall (1951) to produce ethylene from a 
variety of substrates, the best being ethyl alcohol, arabinose, and pectin. 
The observation with respect to ethyl alcohol is a surprising one and mayj 
as the author suggests, indicate that it is the terminal substrate. Fusarium 
oxysporum f, lycopersici is known to produce ethanol both in vitro and 
in vivo (Scheffer and Walker, 1954; Luz, 1934; Dimond and Waggoner, 
1953a). Tills could be of significance in relation to the appearance and 
role of ethylene in infected tomato plants. Pectin hydrolysis and ethylene 
production are not correlated since Rhizopus nigricans and Penicillium 
itahcum failed to produce it although both are active pectin hydrolyzers. 

Evidence summarized by Allen (1953) suggests that etliylene in- 
irectly uncouples respiration from the energy-requiring activities of 
the cell. 

All these results show that ethylene is biologically active in small 
amounts and that it seems to regulate the state of maturation of pl^^^ 
cells which in turn affects susceptibility to microbial attack. Studies on 
1 1C role of ethylene in the physiology of a great variety of diseases would 
undoubtedly be very rewarding. 

VIII. WiLDFinE AND Ancular Leaf Spot of Tod\cco 

V ildfirc and angular leaf spot are two important bacterial diseases 
of tobacco. Tlic former is characterized by localized chlorotic halos 1 to 
- cm. in diameter surrounding a central, usually small, necrotic spot 
while die latter appears as a small angular necrotic spot without the 
halo. TIic chlorotic area in the case of wildfire is free of bacteria. The 
causal organisms arc Pseudomonas tabacl and Pseudomonas angulatum. 
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foximine were equally resistant to the wildfire toxin. The evidence tlien 
suggests strongly that the wildfire toxin functions as an antimetaholitc 
of tlie essential amino acid methionine. 

IX. Bacteriai. Canker of Stone Fruits 
The physiological relationship exemplified so well by tlie u'ildfire 
and angular leaf spot diseases may not be unique. Pseudomonas tnors- 
prunorum Wormald is described as tlie organism causing bacterial 
canker and gummosis in stone fruits. Tliis organism belongs to a group 
of organisms of the Pseudomonas sijringac type apparently only separ- 
able on the basis of host range and pathogenicity (Erikson, 1945). 
Erikson (1945) and Erikson and Afontgomery (1945) found that the 
organism invades the cells of the bark intercellularly causing plasmolysis 
of cells and later disintegration in advance of invasion. Tliis paves tlie 
way for further advance of the organism. Cell-free filtrates, from old 
cultures of the organism grown on either a synthetic medium or bark 
decoctions, when injected into the bark of susceptible plum trees pro- 
duce injury symptoms identical to those from an infection. Parallel 
filtrates from young cultures have little effect indicating that the active 
principle is a product of autolysis. A partially purified product was also 
found to be active. It is suggested lliat the killing action of Pseudomonas 
morS’prunorum may be due in part to an endotoxin of a proteinaceous 
nature. Varieties of cherr>' and plum resistant to the disease arc little 
affected by the toxin preparations while susceptible varieties are severely 
damaged. Some strains of the closely related Pseudomonas sf/rlngnc 
produce active filtrates while others do not. An understanding of the 
toxins produced by this compicv group of microoTgcinhms ma\’ ucJl 
provide the answer to many of the problems posed by tlicm. 

X. Toxins and the VicroniA Bucirr or Oats 
I n the preceding section, an example was given (Pseudomonas mors- 
prunorum) in which resistance and susceptibility appears In be regulated 
i)y sensitivity to a tovin. TIjc most cicar-cut illustration of tosin-rcc»latcd 
host specificity is, liowcvcr, to be found in the case of the “\^ictoria’' 
blight of oats. 

"tIic Soutli American oat variety Victoria, an Atrna ht/zantlri’i {\pe. 
shows .T fi\*pcrscns{livc reaction to crown rust and Ix'sinning in the lOlO's 
was used extensively in Canada and the United Slates as n sourct' of 
resistance in the oat breeding pronram. Between lOM and lO'G a new 
oat disease, confined to the ^'icloria progeny, appcaroil and incre.t^»‘<I 
to devastating proportions. It was diaracfcri/ed by a sfnpmg .ind 
yellowing of leaxes, b.xsal necrosis, and weaVening of the lower culms 



340 


n A LUDUIG 


compounds, including those found m liver e\tract, were tested and of 
them only DL-methioninc proved to be effective The results indicated 
furtlier that the effect was on methionine utilization rather than on its 
s)'nthesis and that a constant ratio cvistcd between the amount of toxin 
and the amount of methionine required as an inhibitor. Methionine is 
in other words, sjmthesizcd b> Chhrclh m the presence of toxin but its 
normal utilization is impaired, i e , competitiv'c inhibition Methionine 



Fic 5 Data obtained in an experiment m which three concentrations of 
chemically pure toxm were tested against a range of concentrations of L methionine 
Chhrella vulgaris was used is the test organism Note that at half growth (X), an 
excellent competiU\e relationship exists between mcthionme and toxin concentra 
tions Fi\e times as much l methionme is required m a culture medium containing 
a 5 fold concentration of toxin as is needed to obtain the same amount of growth 
m a medium conlaimng that concentraUon The results shown above were 
obtamed after a 3 day incubation period at 25'‘ C (After Braun, 1955) 

sulfoxunine, a known metliionine antagonist, behaved in the same way 
as tile Wildfire toxm, witli regard to both ChJoreJIa and halo production 
on tobacco leaves This work (Braun, 1955) was confirmed and extended 
with chemically pure toxin The competitive reversal of tlie toxic action 
by methionine is well illustrated in Figure 5 This reversal could not, 
however, be demonstrated on tobacco leaves 

A number of structural analogues of methionme were examined for 
ability to produce halos on tobacco leaves and again metluonme sul- 
foxunme and the related ethionme sulfoximme were the only ones that 
proved to be effective 

Mutants of Chlorella selected for resistance to the methionme sul 
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and produced the same host response as the crude culture filtrate and 
the disease itself. It appears to be polypeptide in nature. Fresh bio- 
logically active preparations of the toxin are ninhydrin negative (Pringle 
and Braun, 1958) but this reaction appears as activity is lost. Two 
ninhydrin spots appeared on paper chromatograms following mild 
alkaline hydrolysis. One of these was found to be produced by a com- 
pound having the empirical formula CkHsoNO and was given the name 
“victoxinine.” The other appeared to be a peptide. Victoxinine completely 
inhibited root growth of both resistant and susceptible varieties at a 
concentration of 2.5 X 10"* M. Since it is nonspecific in its action, the 
authors suggest that the toxicit}' of the parent toxin may be due to the 
victoxinine while the specificity is a function of the peptide portion of 
the molecule. 

The exact chemical nature and the mode of action of the Victoria 
blight toxin yet remain to be elucidated. It is one of the most intriguing 
of the phytotoxins demonstrated thus far, not only because of its extreme 
potency but also because of its host specificity. A final clarification of 
the problem may provide a clear-cut biochemical explanation of one 
type of disease resistance. 

XI. Plant Growth Regulators 

Plant growth is controiled by honnones and it is not unreasonable 
to assume that the effective level prevailing varies with species and 
variety and is genetically controlled. Went and Thimann (1949) for 
example demonstrated that growth in certain Lpihhium hybrids is 
limited by an auxin deficiency and they were able to correct this by the 
application of auxin. Similarly, it has recently been demonstrated that 
dwarfism in certain varieties of com and peas can be overcome by 
treatment with the gibbcrelltns (Stowe and Yamaki, 1957). The question 
"can plant growth regulators sometimes be toxins?” is not an eas)’ one 
to answer. It will be considered here in relation to the two main classes 
of plant growth hormones, namely, indole 3-acctic acid and the gibher- 
cllins. Much of the voluminous literature pertaining to this subject has 
been recently summarized in reviews by Brian (1957) and Stowe and 
Yamaki (1957). Tlie latter rcvic\v is particularly valuable since it 
summarizes Japanese work on the gibbcrcllins, much of which is other- 
wise unavailable to Western readers. 

A. Iiulofc Acetic Acid 

Indole 3-acctic acid (lAA) Is a fairly common metabolic product of 
funci and bacteria if trjplophan is supplied in the mc<lium. Some functi 
at least arc also capable of producing on lAA-destrojjng enz\-me. Tlicrc 
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resulting m severe lodging The s>iTiptoms of the disease, its distribution 
and the casual organism, a spcciecs of Hclmmthosponum resembling H 
sativum were described by Meehan and Murphy in 1946 They named 
the causal organism Helmmthospormm vicloriac In a later paper 
(Meehan and Murphy, 1947) they produced evidence to show that a 
toxin IS involved The fungus is confined to the basal infection and can 
not be isolated from blighted leaves till complete necrosis has occurred 
Culture filtrates at high dilution produced leaf yellowing and streaking 
in the Victoria varieties characteristic of the disease but were without 
effect on resistant oat varieties Finally, leaves of the Victoria varieties 
could be killed by spraying with culture filtrate while the resistant 
varieties were relatively unaffected The principle m the culture filtrate 
was found to be heat stable since it withstood autoclaving for 20 minutes 
at 15 lb pressure Tliese findings were later confirmed and extended by 
Litzenberger (1949) who demonstrated the presence of the specific 
toxic principle m mfected plants as well as m culture filtrates The fungus 
grew in the stems of both resistant and susceptible varieties when 
inoculated by needle puncture but only in the latter did symptoms 
develop 

Luke and Wheeler (1955) developed a chemically defined medium 
favorable to toxin production Culture filtrates reduced root growth m 
susceptible types by 50% at dilutions of 1 1,000,000 but had virtually 
no effect on resistant varieties at 1 10 Further, a good correlation was 
found between pathogenicity, growth, and toxin production among 
strains of H victoriae The peak of toxin production coincided with the 
maximum growth The toxin was found to be unstable at high pH but 
to be relatively stable at a pH of 4 This explains the success obtained 
with a medium containing ammonia as a nitrogen source where the pH 
drops rapidly and remains at a low level until the ammonia is exhausted 
Evidence of a second less active nonspecific toxin was obtained in this 
work Unpublished results obtained by the author confirm this and 
suggest that the second toxin is similar to the one described for 
Helminthosponum sativum 

Wheeler and Luke (1955), through the use of the toxin were sue 
cessful m obtaining resistant plants from a susceptible variety by a mass 
selection process Some of these seedlings were also resistant to crown 
rust 

Pringle and Braun (1957) isolated the toxic substance in what they 
consider to be pure form They found that the toxin becomes less stable 
as purification proceeds and were unable, because of this instability* 
to obtain an elemental analysis, or to characterize structure Tlie product, 
however, was extremely potent, being active at 0 01 /ug per milhhter 
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Gibberellic acid reproduces the symptoms in the host characteristic 
of the bakanae disease and Brian (1957) concluded: “It is therefore 
virtually certain that the overgrowth in bakanae disease is caused by 
production of gibberellin A or gibberellic acid in the host plant tissue 
by the invading fungus.” In the seedling blight stage of the disease, root 
growth is often inhibited while tlie coleoptile expands normally. These 
are symptoms of fusaric acid inj‘ur>' (Tamari and Kaji, 1954a). The gib- 
berellins characteristically stimulate shoot elongation and are either 
without effect or stimulatory to roots (Stowe and Yamaki, 1957). It 
would seem, therefore, that both substances are operative in the disease, 
the nonspecific toxin, fusaric acid, tending to inhibit growth and perhaps 
predispose the plant to attack, and the gibberellins producing over- 
growths in surviving less severely affected plants. The overgrowths char- 
acteristic of the bakanae disease are not caused by strains of Fusarium 
moniliforme other than those isolated from rice (Stowe and Yamaki, 
1957) and parallel symptoms are not observed in such correqjonding dis- 
eases as those of com and wheat 

Following the demonstration of gibberellin production by G. fujiJcuroi, 
a number of workers have demonstrated the presence of gibberellin-like 
substances in higher plants (Radley, 1956). Recently, MacMillan and 
Suter (1938) have succeeded in isolating and characterizing gibberellin 
A from immature bean seeds, thus leaving no doubt that it is a new type 
of naturally occurring plant growth regulator and may be the forerunner 
of a series of hitherto imsuspected plant hormones. Ihe gibberellins can, 
from this standpoint, scarcely be classed as to.xins even though they are 
known to be responsible for one type of pathological overgrowth. 

XII. Toxins and the Obligate Pabasttes 
The toxin relationships involved in obh’gate parasitism must obviously 
be much more subtle than those prevailing in most of the examples 
considered in previous sections of this chapter. An ideal condition from 
the standpoint of the pathogen would be one creating the least patho- 
logical disturbance in the host. In the early stages of disease, substances 
produced by the organism might function as modifiers rendering the 
host more suitable for the further growth and development of the patho- 
gen. The least favorable condition for the pathogen is the one involving 
a hypersensitive reaction where host cells die quickly, thus cutting off 
the development of the parasite. There is considerable circumstantial 
evidence for the association of host stimulating substances with rust and 
mildew infections on susceptible hosts. Yarwood and Jacobsen (1955) 
demonstrated that radiophosphorous accumulates around rust pustules 
on the leaves of Pinto bean. In one instance, one-haii of a primary bean 
leaf was inoculated with rust. The shoot was then placed with the op- 
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are many plant diseases, particularly among those caused by obligate 
and semiobligate parasites, in which symptoms suggest an overdose of 
auxin Tins observation has led to detailed studies, many of which have 
shown a high lAA content to exist Crown gall is the best example How 
ever, here, as pointed out by Brian (1957), there is no proof tliat the 
extra lAA m the tissues is of microbial origin Further, there are two 
phases to tumor formation (a) inception and (b) unregulated cell 
proliferation Tlie inception, or transformation of normal cells into tumor 
cells, apparently occurs under the stimulus of a tumor-mducing principle 
secreted by the bacterial cells (see also recent reviews by Braun, 1954, 
Klein and Link, 1955) Similar demonstrations of a high lAA content 
have been made in connection with tlie so called “witches’-broom 
diseases, such as those caused by various rusts Here again there is no 
evidence of m oioo lAA production by the microorganisms involved 
Shaw and Samborski (1936) demonstrated that an area of high metabolic 
activity occurs in the vicinity of stem rust postules and mildew infections 
on wheat These areas were high m lAA content even though no cell 
proliferation was mduced The evidence then would suggest that lAA 
is a result of enhanced metabolic activity rather than the cause of it It 
IS not, m other words, to be regarded as a toxm 

B The Gibberellins 

The temptation to regard the gibberellins as potential toxins is great 
as a result of the manner of their discovery The bakanae or “foolish 
seedling disease of rice is caused by a soil borne fungus, Gibbetell^ 
fujikuroi (Fusarium Tnoniliformc) (see Stowe and Yamaki, 1957) Early 
attack by the organism results in a seedling blight Tillering is suppressed 
in plants which survive the early attack of the organism and the re 
maining shoots as a result of excessive intemode elongation grow taller 
than do those of the surrounding healthy plants In humid areas, scab 
symptoms similar to those found m corn and wheat occur at heading 
time The Japanese workers demonstrated that the symptoms of the 
bakanae disease could be reproduced by treatment with cell free culture 
filtrates of Gihherella fujiknrot Early work was made difficult by th^ 
presence of a growth inhibiting factor in culture media This comphea 
tion was resolved with the identification of fusanc acid which has already 
been discussed Tliey eventually isolated a crystalline product that they 
called gibberellin A, (found to be a mixture of gibberellin Ai, CigHgiOe# 
and gibberellin A^. oO^, see Grove et al, 1958) Later, a second 

product, gibberellic acid, willi the formula CioH.>»Oo was isolated m 
dependently by British and American workers Gibborelhc acid and 
gibberellin A, although chemically distinct, appear to be physlologlC^lh 
identical 
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parallel to that reported for protocatechufc acid. While there is ap- 
parently no direct evidence for the latter role, the nature and time of 
production of such phytotoxins could account for the various intergrading 
rust reaction types. 

‘‘Victoria" oats, as has already been pointed out, are susceptible to 
attack by HelTtiinthosporiutn victoriae but resistant to Puccinia coronata. 
Tile host selectivity of Helminthosporium victoriae is clearly governed 
by the reaction of the host to a speci6c toxin. Litzenberger (1949) 
showed that extracts from oat leaves infected with P. coronata possess 
a similar host specificity, indicating that the two unrelated pathogens 
may produce similar toxins. Damage to tissues in the case of the facul- 
tative parasite would lead to susceptibility while with the obligate 
parasite it would lead to resistance. 

Allen (1953) reviewing the literature on “toxins and tissue respira- 
tion” notes that an enhanced respiration occurs in connection with a 
variety of plant diseases and that it is a response of the host cells to 
diffusible substances produced by the pathogen. He cites a limited 
amount of evidence to show diat this results from an uncoupling of 
respiration from the energy-requiring processes of the cell through an 
effect on oxidative phosphorylations. This would not explain the rather 
prolonged period of enhanced metabolic activity associated with the 
growth of rusts and mildews on susceptible hosts. A complete or partial 
uncoupling could, however, easily be the explanation of a hypersensitive 
or partially resistant reaction. While and Baker (1954), in a histological 
study of barley mildew caused by En/siphe graminis var. hordei, found 
resistance to be related to the rapidity and degree of collapse of the 
mesophyll cells. Infected leaves of a resistant variety (Millerd and Scott, 

1956) showed a rapid rise in respiration followed by cell collapse at the 
infection site and return of the respiration rate to normal. The onset of 
increased respiration was delayed in a susceptible variety and the in- 
crease continued gradually as more cells became invaded. These results 
are illustrated in Fig. 6, The authors suggest that an uncoupling agent 
might be produced by the padiogen or host pathogen combination. 
Crude extracts from infected leaves (Millerd and Scott, 1956; Scott et at, 

1957) stimulated respiration in noninfected leaves. A phenolic compound, 
apparently liberated on cell collapse, was also isolated. It showed 
marked antifungal properties and was thought to prevent further de- 
velopment of the fungus. The “respiratory factor” caused cell collapse 
in leaves of a resistant but not a susceptible variety. Brushing the leaves 
of the suscepUble variety wth a preparation of the respiratory factor 
just prior to inoculation caused subsequent cell collapse and inhibition 
of growth of the pathogen. The hypersensitive reaction in barley can 
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posing, noninoculated, leaf in H 3 P *=04 solution and the inoculated leaf 
in water. Under these conditions, 7870 times as much accumulated 
in the rusted as in the nonrusted portion of the same leaf. In this experi- 
ment, as in many others, where the leaves were eitlier immersed in water 
or in a saturated atmosphere, transpiration could not be a factor in 
accumulation. Further, accumulation was apparent shortly after infection 
and increased as the fungal development progressed. There was no 
sudden change in pattern as the developing pustule ruptured the cuticle. 
It might be argued that the accumulation represented uptake by the 
developing fungus rather than by host cells. A parallel increase was 
observed, however, with a number of mildew infections where tlie 
mycelium developing superficially could be removed, and with virus 
infections. Further evidence that die effect was one on host cells was pro- 
vided by the fact that the accumulation of phosphorus also occurred 
after the rust had been destroyed by a selective heat treatment. 

In experiments with rust and mildew on wheat, Shaw and Samborski 
(1956) found accumulation of P^*, and Ca”. A number of sources 
of including sugars and organic acids such as indole acetic acid, 
were tested with essentially the same result. Among these, protocatechuic 
acid accumulated sufficiently to cause visible damage around infections 
while neighboring healthy areas were apparently unaffected. The curves 
for accumulation paralleled those for enhanced respiration. Either an- 
aerobiosis or treatment with respiration inhibitors such as azide or 
dinitrophenol were effective in inhibiting accumulation. The results, in 
other words, suggest that the accumulation is similar to that observed in 
meristems and other metabolically active regions. The accumulation of 
indole acetic acid in the environs of an infection was not accompanied 
by increased cell division. This may, however, be a matter of species 
since Yarwood and Cohen (1951) did report some hypertrophy in con- 
nection with bean rust, a finding suggestive of the “tumor inducing 
principle” of crown gall (Braun, 1954). 

Shaw and Samborski (1956), after a thorough discussion of their own 
and related findings, conclude: “The results obtained with Fticcinia 
and Erysiphe are in full accord with the hypothesis that a diffusible 
substance (or substances), produced at the incipient infection, either by 
the fimgus, or by the host cell or cells under attack or both, stimulates 
the metabolic activity of the host tissue in the environs of the infections. 
Such a substance would be a toxin. Its effect in the case of a susceptible 
reaction is to mobilize host reserves for the use of the pathogen. If« 
however, other translocatable phytoloxic substances are present, its 
effect might be to concentrate these at the infection site, thus causing 
death of cells and resulting in a h)^ersensitive reaction, i.e., an effect 
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impending death and as such be tlie effect rather than the cause of 
mjury 

A variety of nonspecific toxms are involved in diseases induced by 
facultative parasites and facultative saprophytes These toxins appear to 
act by predisposmg the plant to invasion by the organism A variety of 
physiological processes m the host are affected and the over all effect 
can best be summarj2ed by saying that they induce premature sene- 
scence In this, resistance factors of the host may be overcome or 
specific nutrients required by the microorganism may become available 
The in vwo criterion is easy to apply m the case of a vascular disease 
where the pathogen inhabits the vascular system but is not applicable to 
a root pathogen initially located outside its host Since senescence is 
involved other factors age for example giving rise to this condition 
obviate the need for the toxin It is not surprising therefore, that only 
a very loose correlation can be found between apparent pathogenicity 
and production of this type of toxin Other factors of organism 
are involved smce many saprophytes can produce nonspecific sub 
stances but are still unable to invade Perhaps as the studies on Hel 
mmthosponum victoriae would seem to indicate, a number of un 
suspected host specific toxins are also involved 

There is good evidence for the association of a host stimulatory 
toxin (or toxms) with mfection by obligate parasites This may not be 
related to the host specific toxm demonstrated by the Australian workers 
m barley leaves infected with Erystphe gramints var hordet 

Finally, it is clear that a knowledge of the nature and mode of action 
of toxms is basic to a full understandmg of the physiology of patho 
gemsm Such knowledge %vjJl ultimately lead to more efficient plant 
disease control through plant breeding and other means 
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then, in at least one instance, be attributed to the action of a toxin and 
resistance and susceptibility seem to be related to the relative toxin 
tolerance of the barley varieties involved. The explanation of the 
Australian group, namely a partial or complete uncoupling of oxidative 



phosphorylation from respiration, could be the correct one. It seems more 
probable though that a stimulatory substance results in enhanced meta- 
bolic activity with resultant preferential accumulation of a phytotoxic 
substance. The latter might function as a respiratory poison. 

XIII. SUMMABY 

The importance of toxins in plant disease is becoming increasingly 
recognized and, although much of the information relating to their 
nature and role is still of a fragmentary character, certain generaliza- 
tions are now perhaps possible It is clear that toxins play a role in the 
p ysiology of palhogenism of all major groups of plant pathogens. Con- 
clusions based on the criteria of symptom expression alone may, however, 
be misleading In some instances such as the halo produced by the wild- 
fire organism the symptom observed is the direct reflection of the action 
of a specific toxin Localized necrosis as observed in many leaf spots, 
on the other hand, results from death of cells and can be caused by o 
variety of agents unrelated to the disease. Its exact form may be more a 
reflection of the particular host than of the pathogen involved. Similarly? 
changes in cell permeability or respiratory pattern may simply reflect 
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I iNTRODUCnOV 

Fungi have been described as “a mutable and treacherous tribe,” but 
that even this is something of an understatement is abundant!) evident 
from the frequent and spectacular outbreaks of fungus diseases m 
previously resistant phnts Variability in higher plants has long been 
recognized as a major principle, but its extent and importance ba\c been 
359 
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fully appreciated ratlier late in tlie development of mycology and plant 
pathology. This appreciation has resulted largely from the failure of 
varieties bred for their resistance to a given pathogenic fungus to remain 
resistant when cultivated on a large scale. Furtliermorc, it is now 
realized that most fungi occur as specialized races differing in their 
ability to infect different plants. Such new races can arise as a result of 
variation in already existing races, and there is clearly a need for more 
information about the mechanisms responsible for those variations that 
determine the interactions between host and pathogen. 

Since Mendel discovered the basic principles from which plant 
breeding has developed, many new varieties of host have appeared. 
This has meant that their specific pathogens have needed to change 
equally quickly and diversely, or otherwise not survive. If a particular 
host had no inherent capacity for variation in its reaction to disease, any 
pathogen would need only to appear in one form to ensure its survival. 
Variability within a species that acts as a host has, however, resulted in 
differing internal environments, each of which acts selectively upon 
the equally variable pathogens. Clearly, fungi which are inherently able 
to vary their pathogenicity to match each new situation as it arises can 
rapidly adjust themselves so that they retain parasitism. Variations on 
either side of the protracted battle between host and pathogen usually 
afford only temporary advantages for either participant, and although 
the plant breeder may produce disease-resistant varieties which resist 
attack by the existing physiologic races for a few years, the new varieties 
are likely sooner or later to succumb to the pathogen. 

How do microorganisms make these adjustments in pathogenicity? 
It is now known that they can bring into play any one of a number of 
mechanisms that can result in genetic recombination, and the recently 
renewed interest in genetic variability in plant pathogens has revealed 
the presence of several methods by which this is very efficiently achieved. 

The importance of variation in plant pathogenic fungi was first 
emphasized by Eriksson in Sweden (1894), who described different 
physiologic races of rust fungi. Shortly afterward, Ward (1903) and 
Sa^on (1903, 1904) described changes in the pathogenicity of rusts 
and powdery mildews in England. Many of the major directions of 
approach and basic ideas on physiologic specialization were put forward 
at that time, but interpretations of these early observations are now open 
to doubt and explanations of variability in the light of more recently 
acquired genetic knowledge have become more generally acceptable. 

Interest in this problem was renewed, some 15 years after Wards 
experiments, by Stakman and his associates at St. Paul, Minnesota, who 
made a detailed analysis of the physiologic races of rust fungi and 
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started a line of research that has since expanded enormously, and their 
results stimulated mycologists to look for similar evidence of race 
specialization among other fungi Major contributions with soil borne 
pathogens were first made by Stevens (1922) and by Christensen (1925), 
both working with Helminthosponum, and by Leonian (1929, 1932) 
with Tusarmm Bnerley (1929) thoroughly surveyed the earlier theories 
on variability m fungi and advanced many new ones, particularly m the 
light of his work on variation in species of Botrytis 

In general, the variability in plant pathogens has been interpreted by 
four basic genetic mechanisms (1) mutation, (2) heterolcaryosis, (3) 
various recombination mechanisms, either with or without a sexual 
mechanism, (4) systems of adaptation, leadmg to changes m virulence 
and in tolerance to poisons 

Each of the four has been given prominence at different stages m 
the growth of the genetic outlook in plant pathology, and enough is now 
known to substantiate the claim that each can play an important role m 
the production and maintenance of variations It is impossible to survey 
the whole of the literature on vanability in pathogenicity, even in fungi 
alone, and this review attempts to assess the importance of variability 
by methods other than sex and gene mutation, both of which are dealt 
with m Chapter 11 of this volume 

Although much has been done, many questions stjJJ remam un 
answered in studies of variation in almost any host pathogen relationship 
How, for example, do the imperfect fungi, which include many of the 
more important plant pathogens, manage to maintain such a remarkable 
ability to produce variant progeny despite their almost complete lack 
of a sexual stage? How important to the pathogen m nature are changes 
such as those that take place in the laboratory, and what are the most 
reliable ways in which the plant breeder can assess their importance'^ 
What IS the extent of variation m any particular pathogen, and what 
guarantee is there that crops resistant in one locality will remain so in 
another, which may or may not harbor completely different physiologic 
races of the pathogen? Yet another urgent need is to formulate sensible 
and workable taxonomic systems of those fungi which vary so often and 
so widely morphologically Before attempting to answer these questions. 

It IS necessary to discuss briefly some of the problems mvolved m the 
concept of physiologic race specialization in plant pathogens 

II PmsioLOCic Races 

One of the most important and obvious of the many ways m which 
microorganisms express lanabihly is in the production of plnsiologic 
races For the purposes of this review, those physiologic races that are 
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distinguished from each other by their reactions on di0erent varieties of 
a given host plant will be referred to as “pathogenic” races, because this 
maintains a clear distinction behveen them and the many other ex- 
pressions of physiologic differences that can he separated by reference to 
other facets of microbial activity. 

The pathogenic races of wheat rusts have been differentiated by 
inoculation to many different varieties of wheat, each race being able 
to cause disease on a given number of these varieties. Similar principles 
of race differentiation have been applied to many other plant pathogenic 
fungi, in particular to the smuts, powdery mildews, Fusarium, Helmin- 
thosporiunij and Phytophthora infestaTis. Clearly the number of patho- 
genic races that can be recognized in any one plant pathogen by Ms 
method is a function of the number of differential hosts available for 


their separation. This situation raises the question of whether the races 
are already contained in the pathogen as separate genetic entities before 
the appropriate differential hosts exist, or whether the pathogen prO' 
duces new races in response to the increasing appearance of resistant 
hosts. Is, in fact, differentiation into pathogenic races simply a matter 
of selection by host varieties of factors that have been present in the 
pathogen for a long time, or does die pathogen produce races almost as 
required? The supposition that the fungus produces races as and when 
new differential hosts are produced by plant breeders implies that they 
must possess genetic mechanisms that are well able to do this. If mut^ 
tion were solely responsible for producing progeny that have increase 
virulence, and which are then selected by resistant differential hosts, a 
very high mutation rate would be needed to ensure that any new y 
formed race arrived on the most suitable host under optimum conditions 
for infection. However, bearing in mind the millions of spores that are 
produced by rusts, smuts, and Phytophthora spp., a mutational theory o 
the origin of new pathogenic races for these fungi is reasonable, hut ^ 
same theory could not apply equally to many soil-borne pathogenic 
fungi, which not only produce few, if any, spores in nature but also have 
few, if any, opportunities for their dissemination to the new host varieties. 

A no less likely theory than mutation would be that existing rat^s 
might adapt so that they infect a previously resistant host, given t e 
right conditions. With Phytophthora infestans, for example, the hyp^r 
sensitive reaction of the leaves of a resistant potato variety towar 
invading germ tubes might well be prevented by the fungus producing 
an adaptive enzyme able to control a detoxification system, which 
neutralize the inhibitory substances in the dead tissue of the bug 
lesion. Alternatively, in such examples where host resistance depends on 
a hypersensitive reaction to invasion by the pathogen, any decrease m 



10 HETEROKABYOSIS, SALTATION, AND ADAPTATION 


363 


the physiological activity of the fungus responsible for this reaction 
might also result in increasing the success of the fungus as a pathogen 
If a change allowed it to avoid triggering o£F the necrosis of the cell on 
which it depends for its nutrition, then it could proceed successfully to 
invade the rest of the leaf However, answers to such problems as these 
must await the much needed research into mutation rates and adaptive 
potentialities of Phytophthora and of the many other fungi that also 
seem capable of extending their vu-ulence and host range m parallel 
evolution with the mgenuity of the plant breeders 

As a result of tlieir large scale attempts to find the basic mechanism 
underlying the origin of races m Puccinia graminis var frifici, Stafcman 
and Piemeisel (1917) differentiated many pathogenic races of rusts on 
grasses and wheat and showed that each race could contam a number of 
biotypes, each having different degrees of virulence yet still restricted 
to the one host range This distinction between pathogenic race and 
differences m virulence within a pathogenic race should be kept clear 
when descnbmg the changes m pathogenicity that are brought about by 
the different mechanisms of variation 

In these and many other examples of pathogenic specialization it is 
important m relation to disease control to know not only the exact host 
range, but also the geographical distribution and the factors influencing 
changes m the prevalence of races Phenotypic variation of race expres 
Sion IS well known as in the case of race 15B of wheat stem rust, which 
attacks some Kenya wheats at 65® F but has no effect on them at 85® F 
Similarly, low hght intensity together with a low temperature increased 
host resistance to 10 races from a collection of 46 isolates of P triticina 
in England and Wales ( Roberts 1936) Further environmental effects on 
races were found by Flor (1940) who classified 24 races of rust on flax 
and discovered that races with a limited range on flax varieties pre 
dominated m Mld\^estern United States despite the fact that other races, 
which had a wider range, also existed there One well known example 
of change in prevalence of a race of P grammts var trUici is afforded 
by race 15, this was first found m the United States m 1918 and it 
gradually increased, despite the introduction of resistant hosts, to a peak 
in 1938, since when it has gradually fallen off again However, are en 
vironmental effects of this kind reflected by changes m host resistance, 
or by changes in the pathogenic races? 

We also need the answers to many other specific questions We still 
do not know how new races arise in nature, and ^^hcther tlie rate at 
which they arise during experimental handling in the laboratory bears 
anj relationship to the rate in field experiments How far can existing 
races give rise to ne\x ones hv sexual or asexual recombination s\ stems 
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and what is the relative importance of these mechanisms to eacli other? 
The part played by mutation and adaptation is still relatively unknown. 
It is easy to overlook the fact that in many rusts and in wilt fungi, and in 
Phytophthora infestans, a great deal of pathogenic race differentiation 
goes on in the absence of the regular occurrence of a sexual stage. 
Despite the fact that suitable hosts for the development of sexual stages 
have been removed, as where barberry has been eradicated for rust 
control, or that sexual stages are virtually unknown in the most heavily 
cropped areas, as with Phytophthora infestans, or that they have never 
been found, as in Fusarium oxtjspontm, these fungi can still maintain 
and increase their heterogeneity. 

The concept of the difference between one race and another needs 
continual revision, for we still have very little idea of what the exact 
differences are, beyond the bare fact that one race will attack a certain 
plant while another cannot. Resistance is usually inherited by the host 
plants as though it depended on a single gene, and the ability to infect 
seems to be equally simply inherited, at least in those fungi that lend 
themselves to genetic analysis. However, what exactly do the different 
genes for parasitism control? Or, to put it another way, what kind of 
resistance mechanisms do the races have to overcome? It seems feasible 
that some may depend on overcoming specific toxins in the tissues of a 
potential host, whereas others may need some nutrient that a resistant 
leaf or root lacks, but until more is known about resistance mechanisms 
in the differential hosts, our concept of races must remain empirical. 
Some attempts have been made to identify pathogenic races fn vitro by 
serological and biochemical methods, but they have so far proved unsim- 
cessful, or at best severely limited. Meanwhile, genetic studies of the 
inheritance of race type or of the basis of the origin of new races can be 
considerably furthered by using artificially induced genetic markers as 
extra aids in identifying progeny from crosses between different races. 
Indeed, by using markers for nutritional deficiency, it may at the same 
time be possible to pinpoint the nature of resistance of the different 
varieties to pathogenic races. Studies such as those described by Kline 
et aJ. (1957), Buxton (1956), and others, on the effect of adding 
the required nutrient to “deficient” races when inoculated to resistant 
hosts may well result in a fuller understanding of the yet unsatisfactory 
phrases “genes for resistance” and “genes for pathogenicity.” 

We are primarily concerned here with the changes that occur m 
pathogenic races and their biotypes in the absence of a sexual recombina- 
tion cycle. Although gene mutation can account for some of the changes, 
particularly in examples where other mechanisms of variation are not 
readily demonstrable, new techniques and new approaches to fungus 
variation are revealing that many other ways are open for important 
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changes to occur. Here we shall consider heterokaryosis, saltation, and 
adaptation as factors affecting fungus variability. Changes in patho- 
genicity will be held to concern changes both in virulence and in host 
range. Changes in host range imply an alteration in pathogenic race, and 
any change in the extent to which a particular race parasitizes a par- 
ticular host is regarded as a diange in virulence. 

III. Heterokaryosis as a Factor in Variability 

A fungus is heterokaryotic when it contains two or more genetically 
different nuclei in a single hypha or spore. The nuclei may occur singly 
in each cell of the hypha or in multinucleate cells. With systems of this 
kind, variability is potentially large and different associations of nuclei 
can lead to a great variety of capabilities in a fungus. It is not, there- 
fore, surprising that heterokaryosis has been invoked to explain many 
different expressions of variability. As early as 1929, Brierley, in an 
attempt to classify variability in fungi, described fungal “mixochimaeras,” 
which were produced by fusions between hyphae. In an earlier essay he 
used the term “heterokaryotic” to describe mycelia containing cytoplasm 
and nuclei of different types, and he suggested that new strains of fungi 
might arise as a result of it. He also argued that the so-called “mutation 
theory” put forward to explain sectoring in fungi in culture was less 
likely than one based on the segregation of components from hetero- 
karyons. Many of Brierley’s ideas have since been vindicated. 

A. Cijtologtj of Heterokaryons 

One important aspect of heterokaryosis, that of fungal cytology, has 
often been overlooked and it needs emphasizing at this stage of the dis- 
cussion. The attention paid to the cytology of fungi which have been 
thought heterokaryotic has often been inadequate, and claims for this 
feature have sometimes been invalidated simply by showing later that 
the distribution of nuclei is not consistent with this supposition. Ob- 
viously, multinucleate spores could be heterokaryotic, so we need to 
know first how the nuclei of these spores originate. Detailed analyses of 
the movements of nuclei during spore formation have been made in 
many fungi, for example in Helminfhosporium sativum (Hrushovetz, 
1956), Rhizoctonia soJani (Sanford and Skoropad, 1955), Helmintho^ 
sporhtm gramincum (Graham, 1935), HeJminthosporium carhonum 
(Roane, 1952), and in Fusarium oxtjsporum (Buxton, 1934). In Fusarium, 
both uninucleate microconidia and multinucleate macroconidJa from the 
same mycelium were found to contain genetically identical nuclei, and 
during development of the macroconidia each nucleus arose by a process 
of division from a single original nucleus in the conidiophore. 
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In Helminthosporium, however, there is some evidence that the 
multmucleate spores could tlieoretically be heterokaryotic, for Graham 
showed that the several nuclei in a spore were not derived by division 
of one parent nucleus. By contrast, Roane’s evidence that conidiophores 
in H. carbonum are uninucleate means that at least in that species 
heterokaryotic spores cannot arise. Hrushovetz’s work adds a further 



Fig 1 Diagrammatic representation of nuclei in four fungi: (1) FtisartutT^ 
<^sporum Spores are homokaryolic, the mycelium can be heterokaryotic (2) 
^elmtnthosponum spp Spores may be homo- or heterokaryotic (3) Phytophthora 
tn estans. Heterokaryosis has not been demonstrated, but is theoretically possible 
oospores are usually uninucleate (4) Penicilhum sp Spores are homokaryotic, from 
a heterokaryotic mycelium 

complication, for he found that only one cell of the multinucleate spore 
o . sativum usually germinated while the rest disintegrated, so that 
even supposing that the spores contained genetically different nuclei, 
ey could not give rise to heterokaryons. Nevertheless, dispersal of 
genetica ly different monokaryotic spores as clumps would assure that 
etero 'aryosis was perpetuated by the subsequent anastomoses bet\veen 
t eir germ tubes, and this kind of spore dispersal is in fact quite common 
^ for example in certain fusana and penicillia. To illus- 

trate the diversity of the problem, examples of different kinds of spores 
and their cytological differences are shown in Fig. 1. 
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Most heterokaryons probably originate as a result of anastomoses 
between germ tubes from spores of separate genetic origin, but tliey can 
also be synthesized at a later stage by anastomoses between adult 
hyphae (Fig. 2). 

Nuclei migrate via the bridges between the anastomosing hyphae of 
the different homokaryotic haploid components. Although initiation of 
lieterokaryosis is lelatively easy to demonstrate, the mechanisms and 
changes in physiology underlying the way in which they are perpetuated 
is not yet clear. However, a fungus can maintain a state of lieterokaryosis 
in a number of ways, as shown in Fig. 3. 



Fig. 3 Possible ways in which hyphal tips of heterokaryons may grow, either 
A, as homokaryons, or B and C. as heterokaryons (Buxton, 1954). 

If a terminal nucleus continually divided and its progeny could not 
mingle with other dividing nuclei, a homokaryotic hyphal tip would 
result (A), but in many fungi the nuclei are small enough to allow 
movement past each other in the tips of the hyphae. Nuclear migration 
is well known in several fungi and it could easily result in a nonlinear 
arrangement of nuclei in hyphal tips. For example, the movements of 
nuclei in Gelasinospora (Buffer, 1931; Dowding and Buffer, 1940) have 
been fully investigated, and Sanford and Skoropad (1955) have ob- 
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served nuclei migrating from cell to cell in Rhtzoctonm solani It appears 
then that the heterokaryotic condition can be relatively easily main 
tamed in the hyphal tips, and it is significant that both m Fnsariuni 
(Buxton, 1954) and in PemciUmm (Rees and Jinks, 1952) no cross walls 
are formed near the tips, thus leaving a multinucleate terminal cell 

B Factors Affecting Anastomosis and Heierolaryottc Growth 

Among the many serious gaps m our knowledge of heterokaryosis, 
one of the most important concerns tlie optimal conditions for anastomosis 
between germ tubes or between older hyphae So far only a few thorough 
studies of this problem have been made, although many workers have 
noticed in passing that anastomosis can be considerably affected by 
changes m the cultural environment Hyphal fusions between strains of 
Corticium vellerettm occur more often on Difco-Bacto potato dextrose 
agar medium at 25° C than under several other cultural conditions 
(Bourchier, 1957), they are unaffected by changes m pH of the culture 
medium Although Bourchier showed that adding sugars to the culture 
medium increased the number of fusions, Cabral (1951) found that an 
unsupplemented agar medium provided optimum conditions for fusions 
m various members of the Polyporaceae These isolated examples of 
critical examination of the factors involved do at least indicate that 
successful anastomosis depends to some extent on the nutritional status 
of the culture, but there is recent evidence that genetic factors are also 
involved, not only m anastomosis but also in the ability to continue 
growth as a heterokaryon (Garnjobst, 1953, 1955) In Nettrospara crassa, 
heterokaryons could be easily synthesized between Uvo strains only when 
the genes controlling this ability were nonallelic For example, an analysis 
of crosses between t^vo isolates of the inositol-Iess strain 37401 revealed 
the presence of two nonlmked genes for heterokaryosis, which ^\ere 
designated C and D Of the four possible classes of progeny in 37401, 
CD, cD, Cd, and cd, only CD genotypes were able to form stable 
heterokaryons with the nboflavmless tester strain Y 30539 In addition, 
this genetic incompatibility was unrelated to the type of nutritional de- 
ficiency m the tester strains Fungi which have such a system of control 
over heterokaryosis obviously decrease the opportunities for their taxo- 
nomicallv related strains to make frequent union It is probable that the 
occasionally reported failures to establish heterokar>ons ma\ bo caused 
bj the presence of similar genetically controlled incompatibihtv s\ stems 
m other fungi Leonian (1930), for example, was unable to male what 
he called “mixochimaeras” between all but four of several mixtures of 
spores from tx\o morphologtcall) distinct colonics which arose from a 
Single isolate of Ftisaritim moniltforme 
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C. The Effects of Hcfcrokaryosh on the Physiology of Fungi 

It is self-evident that the existence of two or more genetically dif- 
ferent types of haploid nuclei within a hypha of a fungus gives it a 
wide range of genetic capabilities. This means that the combined action 
of the different genes in diffeient nuclei can result in the fungus having 
a wider range of physiological activity than either of its original liomo- 
karyotic components, there are many examples of this phenomenon, 
which may appropriately be called ‘liybrid vigor,” among heterokaryotic 
fungi. 

1. Heterokaryosis and Cultural Metabolism 

The fact that heterokaryons usually both appear and act differently 
from their original component strains can best be demonstrated by using 
artificially induced mutants that cannot synthesize all their growth 
requirements. Take a simple example in which a mutant strain cannot 
synthesize an essential metabolite A, but can synthesize B, while another 
mutant strain can synthesize A but not B; the heterokaryon formed from 
them would contain genes, in separate haploid nuclei, which control the 
synthesis of both metabolites. The two kinds of nuclei each supply the 
normal allele of the mutant gene of the other, so that the heterokaryon, 
having a full complement of alleles, is no longer deficient and grows like 
the wild type. An example of such complementary behavior between 
nuclei of nutritionally deficient mutants of Fusarium oxtjsporum is shown 
in Fig. 4. 

The increased range of physiological activity in heterokaryons could 
be significant for the survival of fungi under natural conditions, because 
a heterokaryon can colonize substrates on which its separate components 
might be unable to grow. Such a situation would arise when metabolites 
essential to either component are absent or in limiting concentration m 
the natural substrate.* 

In a related subject, the physiology of spore production has been 
shown to depend less on cultural conditions than on the segregation of 
genetic factors from heterokaryons. From wild type isolates of Cercospora 
musae, the cause of the serious “sigatoka” leaf spot disease of banana, 
Calpouzos (1954) was able to select heavily sporulating variants, whereas 
the majority of cultures sporulated only rarely or poorly. From cultures 
raised from single multicellular spores, ho obtained both sporing and 
nonsporing strains, showing that the fungus probably occurred in nature 
as a heterokaryon. 

Hetcrokar)'osis in the wild tj'pe has also been recorded in PenicilUuni, 
in which the uninucleate spores are held together at dispersal, resulting 
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Fig 4 (1) Top left deSaent mutant C23, top deficient mutant k27, 

bottom left heterokar>on C25 -b K27, bottom nghl wild t>pe parent of C25 and 
K27 F oxi/spontin f pt-u net? J, grtmmg on t nonviippJementcd minimil medium 
(2) I!cterokir>on growing from a mixed spore streak of mutants C25 (lop) and K27 
(bottom) F axtjsporum f pisi race 1, griming on a nonsxippUmcnlcd minimil 
medium 
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in heterogeneous groups of spores wliich grow in culture as reconstituted 
heterokaryons (Jinks, 1952a, b). Heterokaryotic colonies originating in 
this way, by anastomosis between germ tubes, can be picked up from 
exposed dishes of agar medium as single point isolates. 

Not only does the possession of genetically different nuclei increase 
the physiological range of a fungus, but changes in the ratios between 
the numbers of each type of nucleus, in response to changes in the 
environment, can have important effects on its metabolism. Changes of 
ratio in response to changes in the nutrient status of the agar media can 
be assessed, with obvious reservations, by analyzing the types of colonies 

Table I 

Effect of Growing Heterokaryon F + A on Nuclear Ratio of F : A Types 
IN Spores of the Heterokaryon® 

Types of single-spore 
colonies from cultural 

Medium to winch Morphological heterokaryons 

hyphal tip appearance of 

transferred heterokaryon Total colonies 

Ratio F ' A 

F A 


CO/Nj 

Adpressed, white 

343 

479 

0 71 

Ci/Ng 

Slight aerial growth, white 

158 

499 

0 33 

C,/N, 

More aerial growth, very pale buff 

21 

182 

Oil 

C 3 /N 2 

Increased aerial growth, pale buff 

132 

464 

0 28 


® Buxton (1954). 


which result from plating out the spores produced by a heterokaryon 
Tliis has been done with Penicillium (Jinks, 1952b) and with Fusariu^^ 
(Buxton, 1954). When a Penicillium heterokaryon containing two differ- 
ent kinds of nuclei was grown on a medium containing 10% apple mush, 
the initial ratio between the nuclei was 1 : 11, but it changed to 1 : ® 
when the apple content of the medium was reduced to 2%. With Fuser- 
him, increasing the carbohydrate content of the medium resulted in 
an increase of the proportion of one nuclear type over another from an 
initial ratio of 1 : 1 to a ratio as high as 4: 1 (Table I). Various ratios, 
from 3:1 to 1:3, of the two nuclei also became progressively adjusted 
as the medium was changed, either in carbohydrate content or in its 
carbon : nitrogen ratio. 

Tlie flexibility resulting from such changes in nuclear ratios can 
rapidly adjust heterokaryons to a new food supply, with the advantages 
that the adjustments are made relatively simply in the somatic stage o 
the fungus, without the hazards and delays incurred by reliance on n 
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sexual system. The advantages of such a mechanism are clear in tlie soil- 
borne penicillia and fusaria, m both of which adjustments of nuclear 
ratios presumably occur in the multinucleate hyphal tip cells. 

From these examples of the effects of heterokaryosis, it is clear that 
this system of interaction between different haploid nuclei within one 
fungal thallus could be of great significance not only in fungus physi- 
ology but also in pathogenicity, and recent work has indicated tliat 
this is so. 

2. The Effect of Heterokaryosis on Pathogenicity 

To what extent can heterokaryosis influence the virulence and host 
range of a fungus? In other words, are there any synergistic effects 
between nuclei that can result in increases, even though only temporary 
ones, of virulence? If so, how often can such associations occur in nature, 
and under what conditions? 

Like many other fungi, different isolates of pathogenic strains of 
Ftisarium oxysporum can readily form heterokaryons when their spores 
are so%vn mixed together on agar media. Heterokaryosis is proved by 
subculturing hyphal tips from the colonics of mixed spore origin, for 
hyphal tips that are heterokaryotic produce colonies with spores U'h/ch 
themselves will later form separate colonies of both the original com- 
ponent strains. The effect of heterokaryosis on virulence has been exam- 
ined in Ftisarium oxysporum f. pish the cause of pea wilt. Several thou- 
sand conidia from two isolates of the fungus, both of which wilted pea 
variety Onward, were irradiated with ultraviolet light and the resulting 
mutants were tested for virulence. Tlie majority remained as virulent ns 
the original strains, but several were much less virulent. Iietero- 

karyons were made between pairs of nearly avinilcnt cultures and tested 
on peas, they were found to be as vimicnt as the wild t>pcs (Fig. 5). 
The heterokaryons were recovered by culturing from diseased vascular 
tracts of the inoculated plants, so demonstrating that the increased 
virulence had come from the hctcrokarj-ons and not from the possible 
SNTicrgistic effects of any segregant strains that might have arisen (Bux- 
ton, 19S4, 1956). 

From this evidence it is not unreasonable to suppose that some of 
the increases in virulence that occur in nature ami lead to outhrenks of 
disease, may be the result of the chance union of two or possilfly more 
weakly vindent strains as a hclcrokarvon. Any increased virulence rcstilt- 
ing from hctcrokan’osfs ^votild persist only in mycelia and would not 
he inherited bv spores; luit spomlalion, at least in Fumritim, does not 
usuntiv occur tintil after dainacc to the host is complete. 

Work !w Hnishovctz (1937) stiggests ih.al a host pl.mt mav pr(xrnt 
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a selective environment to individual nuclei contained in a hctcrokaryon 
iE the nuclei determine different nutritional abilities or differences in 
virulence. lie took several isolates of the hetcrokaryolic fungus Hel- 
minthosporium sativum and grew them in dishes of Czapek Do\' agar 
medium each containing 0 1% of amino acid. After si\ successive transfers 
of each isolate on these media, which included either alanine, arginine, 
histidine, isoleucine, leucine, methionine, serine, threonine, or tryp- 
tophane, he found that their virulence toward wheat seedlings had been 
considerably altered. To explain this, Ilrushovetz suggested that the 



Fio 5 Increased virulence caused by heterok.aryosis m F oxtjsporum f 
race 1, on peas variety Onward First left avirulent strain C25 Second left avirulent 
strain K27 Third from left highly virulent heterokaryon formed from C25 and K27 
Right- uninoculated control 

amino acid supplementation effectively selected different nuclei from 
the heterokaryotic strains, resulting in the predominance of those strains 
requiring a particular amino acid for growth He argued that, if the 
particular amino acid required by a strain were present in the host tissue, 
then that strain would develop, but would be relatively nonpathogenic 
On the other hand, absence of an amino acid would result in the pre- 
dominance of pathogenic nuclei in the heterokaryon This kind of 
attenuation, depending on the selective activity of amino acids, was 
referred to as “apparent attenuation,” for the acids apparently did not 
act as mutagens, but as selectors operating on an already differentiated 
genetic pool m the fungus 

The well-kno\vn variability in the pathogenicity of wheat rusts lias 
been recently reexamined for evidence of heterokaryosis and for otlicr 
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Ineclianisms that may result in the production of new biotypes or new 
races, and, as in Fusariiim, heterolcaryosis is an important factor in alter- 
ing their virulence. Wilcoxson et al. (1957) showed that germ tubes 
from uredospores anastomosed witli each other when growing on the 
surface of wheat leaves. This gives opportunity for development of 
heterokaryons. Nelson (1956) took uredospores from two biotypes of 
different races of Puccinia graminis var. tritici, mixed them, and inocu- 
lated susceptible and resistant varieties of wheat with the mixture. In 
one experiment he isolated an orange-colored race from wheat inocu- 
lated with a mixture of a red-brown-colored race 11 and a gray-brown- 
colored race 121. The new orange race was highly virulent toward the 
wheat. Vernal Emmer, hitherto resistant to race 11. Not only did some 
of these new biotypes which arose from the mixture have three nuclei, 
but after six uredial generations they segregated back to the two original 
parentals, thus revealing their heterokaryotic nature. 

Although these examples serve to show how heterokaryosis can be 
important in changes of pathogenicity, it must be emphasized that a 
heterokaryon is merely a temporary association of genetic material in 
separate nuclei, and in no way can it function as a system of permanent 
recombination between different genetic characters. This means that a 
heterokarj'on cannot be expected to produce any change in pathogenic 
race tliat would persist after a sporulation stage in which uninucleate 
conidia are produced. Nevertheless, a system that depends on hetcro- 
karyosis as a first stage in its action has been recently found to give rise 
to more permanent clianges in virulence. 

D. Parascxual Recombinafion 

A system of genetic recombinafion in hetcroknryons of imperfect 
fungi that operates without any sexual stage has been elucidated by 
Pontecorvo ct al (1953). During this process, a few nuclei arise wliich 
contain the combined characteristics of the different nuclei present in a 
hcterokaiy'on. When these presumably diploid nuclei arc isolated in 
single spores and anaK'zed, they yield not only duplicates of themselves 
together with segregants which arc indistinguishable from the haploid 
components of the original lictcrokaiyon, but also some completely new 
haploid UTes that recombine some of the properties of the originals. 
Tills process, now well established in aspergtili and pentcilh'a (Ponte- 
coi^'o ct al., 1933; Ponlccor\'o and Sermonti, 19>l), has been called “tlic 
parascxual cx'clc” (Pontccorx’o, 1956). 

Buxton (i936) showed that new biolypes and pathogenic races can 
arise ns a result of a similar parascxual mechanism in Fusaritim oxy- 
s)wrum f. pisi (Table II). IIclcrokan*ons formcsl lietwccn genoticallv 
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marked isolates of pathogenic races 1 and 2 yielded single nuclei com- 
bining capabilities previously specific to each race, capabilities indcnti- 
Sable by reference to the many genetic markers and by ability to infect 
differential hosts. These nuclei produced many recombinants, some of 
which had race 3 pathogenicity in that they were able to parasitize the 
pea varieties Delwiche Commando and New Era, resistant to race 1 
and 2, and others were recombinants that were either nonpathogenic, 


Table II 

The Pabasexual C\cle in Frwontim oxtjsporum f pisi, SnenviNO Recombination 
FOR Several Loci, Including Pathoclmcitv Diffuicnces Other 

Alleles Are Omitted for the Punrosc of Simplification 

Initial strains ® 

[ARC, meth, RED, INTOL, Race 1) [arg, METH, white, tol, Race 2] 


HeteroLaryon 

Diploid 

Progeny 


[ARG, METH, BED, INTOL, Race 1] 


[ARG, METH, RED, INTOL, Race 1, 2] 


[Further diploids] 


[Segregation into initial strains 


Recombinants 

ARC, METH, while, INTOL, Race 1, 3 
arg, meth, RED, INTOL, Race 1, 2, 3 
ARG, METH, while, INTOL, Race 1, 2 
arg, meth, white, tol, Race 0 


Artificially induced markers 


— argmineless 
meth =z methionmeless 
race type "l 

RED 

white I Wild type 

INTOL = intolerant to actinomycete [ 

tol n tolerant to actinomycete I 


race 1, race 0,3, or race 0,2 Similarly, recent work with rusts, although 
as yet incomplete, points to the tentative supposition that parasexuahsm 
cou e an important factor m some of the changes in pathogenic race 
' occur^ in the absence of the usual sexual stage. For example, 
a son (1957) has shown that 4 new races of P. gramims var. trittct 
arose rom helerokaryons containing the two parentals, red race 111 and 
orange race NR-2 Similarly, Vakili and Caldwell (1957) found that 
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more new types arose from heterokaryons formed between the four 
genetically difFerent nuclei in two uredospores than are theoretically 
possible. Thus, they recovered 16 known races and 17 completely new 
races of Pucemia recondita f. sp- tritici from a heterokaryon formed 
bebveen the red race 2 and the yellow race 122. It seems that the most 
feasible explanation for the origin of the 17 new races is that they 
resulted from some kind of recombination between the characteristics 
of the four different kinds of nuclei in the heterokaryon. Both in rusts 
and in Ftisarium, the new race relationships could arise by interchanges 
of chromosomes, by chromosomal inversions, or by similar mechanisms 
involved during the mitotic crossing over in the diploid nuclei within 
the heterokaryon. 

E. The Implications of Heterokaryosis in Fungal Taxonomy 

Because plant pathologists often need to retain live cultures of fungi 
for long periods under laboratory conditions, they have met with so many 
variations in their isolates that they have had good reason to doubt the 
usefulness of the currently generally used taxonomic criteria. So many 
changes in properties used in classification have occurred that pathol- 
ogists have often become impatient with the reluctance of systematists 
to take into account the variability in living fungi. It should be recog- 
nized that variations caused by mechanisms of variability such as hetcro- 
karyosis are important criteria in any reorganization of the classification 
of fungi belonging to the traditionally "difficult” genera. 

1. The Dual Phenomenon 

One source of confusion in taxonomic descriptions could come from 
using heterokaryotic multinucfcatc conidia as first isolates, because this 
could result in segregation to cultures differing from tlic type species 
at the A’arietal or specific level. Different ratios between the numbers of 
the different nuclei of a hctcrokarx’on can result in different semi- 
permanent cultural morphologies which in turn lead to a %\liolc range 
of possible cultures, all deriving from one origin. Hansen and Smith’s 
comprehensive study (1932) of lictcrokaiyosis in Co/rr/fis cincrca is onlv 
one of many examples which make nonsense of tfie use of certain 
cultural characteristics as taxonomic criteria. For instance, forts -seven 
cultures of B. cincrca, collected in California, s icldcd several morplio- 
logically distinct cultural types xvhen suhculturetl as conidia. Tlie spores 
.ind hsphac were shossn to l>c ready-made Iictcrokarxons that occtirreii 
as such in nature. Tlic morphologically different strains frequenlls .in 
astomosed and the resulting heterokarxons could alunss he* hrolni 
down again into llicir original components. One imjxirt.mt lesson to le.ini 
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from tliis is that multinucleatc spores cannot be regarded as individuals 
for taxonomic purposes but must always be treated as colonies that may 
have genetically different nuclei. Hansen (1938) further emphasized this 
point and produced additional evidence from an analysis of 916 wild- 
type isolates belonging to 30 different fungus genera, of which more 
than half had dual morphology when cultured from single spores on 
agar media. The most striking differences were between the conidial 
type (C) and the mycelial ty'pe (M); mixing M spores with C spores 
reproduced the MG types, which had an intermediate morphological 
appearance, and MC reverted to M and C when its single spores were 
cultured. This mixed condition, which Hansen called the “dual phenom- 
enon” was a characteristic of the wild type in nearly all the imperfect 
fungi he examined. Similar results have since been obtained by many 
other observers, and the concept that many fungi must exist in nature 
with a ready-made pool of genetically variable characteristics is rapidly 
gaming ground. 

If, as this evidence strongly suggests, isolates of fungi from nature 
are often heterokaryotic, or are aggregates of different clones of any 
given species, then the various culture media on which they are grown 
will act as a selective “bait” for their different components. It might 
seem hardly necessary to emphasize the importance of making taxonomic 
comparisons only between isolates that have been grown on identical 
media and under identical cultural environments, but unfortunately it is, 
for this elementary precaution has often not been taken. Consequently, 
it is not surprising that near chaos exists in the classification of many 
fungi that are important plant pathogens, and four of Hansen's examples 
serve to illustrate the extent of this inherent variability; VerticilUtim 
a o-atrum yielded 37 morphologically different strains out of ISO iso- 
lates from nature, Botrytis cinerea yielded 123 out of 300 isolates, 
Ascochyta pisi 3 out of 10 and Thoma terrestris 28 out of 100 Situations 

0 a most equal complexity have been reported with others, for example, 
Kiport le, in which two morphologically distinct strains, one diffuse and 

s ow growing, the other compact and fast growing, readily anastomosed 
and frequently changed from one type to the other (Das Gupta, 1934). 

1 u ation rom one strain to the other initiated heterokaryons, which fre- 

hack to pure cultures of both components. Similar 
1 cu ties also occur in the Actinomycetes; isolates of Streptoinyccs 
sentnes frequently anastomose with each other (Gregory, 1956) and 
1C ero 'aryosis has been demonstrated in this organism by Bradley and 
c er erg (19o6). Ninety-one heterokaryons were obtained from 141 
cu tures 0 lyphal tips of colonies which arose from mixtures of gen- 
etically dilFerenl spores. A genetic recombination system similar to the 
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parasexual cycle has also been recognized in species of Strepfomyces 
(Szybalski and Braendle, 1956). 

2. Hcferokartjosls and Anastomosis between Different Species of Fungi 

Many attempts have been made to make heterokaryons between 
different species of fungi, but most have ended in failure (cf. Gossop 
et ah, 1940). Tliis repeated failure could clearly be important in 
taxonomy, for incompatibility in heferokaryosis might be an aid to a 
better definition of the limits of doubtful species. An approach to this 
problem has been made by Cabral (1951) who, in attempting to assess 
the value of mycelial anastomosis as a taxonomic criterion, found that 
the established species of the existing system of classification were in 
fact always incompatible. In contrast to this, however, Taschdjian and 
Muskatblit (1955), in a study of the species of Trichophyton (the cause 
of Black Dot Ringworm in man) showed that T. sulfureum anastomosed 
witli strains of T. crateriformc and with T. sahourandii. This led them to 
amalgamate all three species under the single species T tonsurans 
Although such conclusions need supporting evidence before they can be 
accepted, these preliminary steps may in time prove valuable as taxo- 
nomic aids, especially in fungi without a sexual stage and with which 
it is consequently impossible to demonstrate compatible interbreeding 
groups. In the absence of other reliable criteria, interanastomosing, or 
interheterokaryotizing groups of isolates might be usefully split off from 
each other as taxonomic entities. More studies of the kind done by 
Gamjobst (1953, 1955) on genetic incompatibility in heterokaryosis and 
anastomosis would prepare the ground for what could be a new approach 
to taxonomy, at least in the Fungi IxnperfecU. 

F. Heterokaryosis as a Possible Means of Survival in Soil-Borne 
Parasitic Fungi 

By forming heterokaryons, fungi can adjust their genetic capabilities 
for colonization of many different kinds of substrate. This aspect of 
heterokaryosis might usefully be considered in any study of the many 
varied microenvironments that fungi encounter in a complex habitat 
such as the soil. It is not difficult to see how heterokaryosis could be a 
distinct advantage to soil-borne pathogens. For example, a pathogenic 
form of a fungus could exist as a component of a heferokaryon which 
was otherwise made up of nuclei of a saprophytic form of the same 
species (Buxton, 1954; Hrushovetz, 1957). This would enable it to sur- 
vive for indefinite periods in soil as a saprophyte. Presented with a host, 
it could become pathogenic, and dining this phase the nuclei containing 
genes governing pathogenicity would be favorably selected by substrates 
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in host tissue or in the rhizosphcre, and they would soon predominate 
in the helerokaryon. During invasion and the subsequent growth tlirougli 
the host tissue, nuclei of the saprophytic component might also enter 
within the one hypha. Indeed, there arc indications that they do this, 
for saprophytic forms of soil-borne pathogenic fungi, in particular of 
fusaria, can often be isolated along with pathogenic forms in single 
hypbae growing from diseased host roots. Apart from this suggested 
mechanism, it is not easy to explain the presence of these saprophytic 
forms of fungi in the roots of diseased plants, especially when there is 
no evidence that they have made a separate later entry into already 
dead tissue. 

The fluctuating existence from a pathogenic to a saprophytic mode 
of life is repeated in many soil-borne fungi each growing season, and 
there is no reason to suppose that the comple.x requirements for these 
two quite different phases of existence are governed by genes that are 
in the same haploid nucleus of a fungus. It should not be too difficult 
to devise experiments that would show whether readjustments similar 
to those already demonstrated in vitro could occur between nuclei gov- 
erning either pathogenic or saprophytic activity in response to a host 
environment on the one hand, and to a soil environment on the other. 

Selection of the different biotypes from wild type fungi can, of course, 
result from other causes than segregation of different kinds of nuclei 
There is, in fact, no a priori reason for supposing that all the qualities 
in pathogenic fungi are governed by the nucleus. Recent evidence from 
work on Aspergillus nidulans indicates that the type of spore produced 
can be governed by self-reproducing inclusions of the cytoplasm, and 
these can be selected by manipulating the cultural environment (Jinks, 
1954). Anastomoses between fungi obviously result in a mixing of 
cytoplasms as well as of their nuclei, and because of this we coul 
theoretically formulate an entirely new viewpoint on the nature o 
variation in fungi However, with the recent quickened interest in these 
problems, we can claim to have made some progress since Brierley 
(1929) emphasized that “it is of primary importance that we should 
know the scope, direction, frequency and conditions of variation m 
fungi and bacteria ” 

IV. Saltation as a Cause or Variability 
Having dealt with variations in fungi due to heterokaryosis, this is 
a convenient point at which to discuss xvhat is perhaps the most contro- 
versial and least explained phase in the development of the study o 
fungi in culture. Saltation, often known as dissociation, or sectoring, is 
ex^iressed by the appearance of morphologically distinct sectors in fungus 
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colonies. When it occurs in bacteria, the dissociants arise as entire 
colonies that diflFer from the original isolates. Sectors in fungus colonies 
usually appear as fan-shaped growths if their growth rate is the same as 
that of the parent colony. When their growth rate is less, or the sector 
stops growing, they appear as “islands.” Some sectors grow faster than 
the parent colony, u'hen the edges of the sector curve outward and the 
parent colony may be overrun (Fig. 6). 

Although saltation has been thoroughly described in many fungi, 
and especially in Fusariutn and Helminthosporium, no author has so far 
produced critical evidence in favor of any particular genetic mechanism 
that might explain it. The investigations made by Stevens (1922), 
Christensen (1925), and by Christensen and Graham (1934) revealed 
that saltation was almost the rule in their cultures of Helminthosporium, 
despite the fact that the original isolates originated from single spores. 
However, because the spores of this fungus are multinucleate, there 
always remains the possibility that sectors are merely the expression of 
segregation of different strains from a wild type heterokaryon. Neverthe- 
less, many uninucleate, or multinucleate yet homokaryotic, conidia from 
different fungi often give rise to saltant cultures. From this it might be 
assumed that saltation could be caused by mutation were it not for a 
good deal of evidence to the contrary. 

First, are saltations persistent when subcultured? Stevens (1922), 
from his work on sectors of Helminthosporium that differed from the 
original isolates in color, spore size and shape, growth rate and density 
of growth, found that while some remained stable after subculture, 
others tended to saltate again. Mohendra (1928) found that sectors of 
Pkoma, Neoc<?smospi?ra, and AUcmaria did not revert to the parental 
type, whether subcultures were made from young or old mycelium, or 
from spores. Second, are sectors affected by culturing on different media, 
and does the type of medium used affect the rate of saltation? Tyler 
(1938) found that SphaceJotheca sectored more on malt agar media 
containing nitrogenous salts than it did on potato dextrose agar, sugar 
media with no salts, or on peptone-containing media. In addition, among 
fourteen sectors which had remained constant on potato dextrose medium 
for more than a year, eight sectored when they were transferred to malt 
agar medium. If mutation were responsible for these changes, it could 
hardly have occurred at random, but would seem to be induced by 
changes in the cultural environment. Milra (1931) found that more 
sectors occurred when cultures of Helminthosporium were grown on 
shallow media than on deep media, which again argues against llic 
assumption that mutation is solely responsible for sectoring. Similarly. 
Bro\\'n (1926, 1928) sho^^ed that the rate of saltation in Ftisarium was 
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® Fusarium axysporutn sectoring to give differently colored variants 

/o 1 o^y^Port/m producing a sector with increased growth of aerial mycelium 
an 4) Hehninf/jospontim sativum showing sectors for color differences m 
growth nte and heavier sponihtion capacity (Stevens 1922) 

influenced by the type of culture used If as it seems fiom most of the 
evidence, culture variants arising by saltation from single spore culture*? 
are more often than not irreversible and hereditable then mutation 
a general sense, would explain their origm When, however, changes m 
the culture medium can greatly affect the rate of saltation, then tlie 
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mutational theory is no longer tenable. A more likely explanation is that 
heterokaryons, probably originating as a result of a mutation early in 
the life of the saltating culture, go an to express a number of different 
morphological appearances as a result of changes in their nuclear ratios, 
these having been brought about by changes in the nutrient status of the 
culture medium. There are, of course, other explanations that could 
equally well be founded on the possibilities of morpholgical differences 
being controlled by hereditary particles in the cytoplasm, or even by 
assuming tlie presence of a parasexual cycle. Stevens may indeed have 
been near the truth when he suggestd that saltation was probably caused 
by a mechanism resembling the ‘iDud variation” described by De Vries in 
higher plants, where it is now known that interchanges between chromo- 
somes in ring formation result in a higher rate of production of progeny 
that differ from the parents than would mutations at the gene level 

A. The Implications of Saltation in Fungal Taxonomij 

What measure of reliability can be placed on the taxonomic char- 
acteristics of fungi that seem so unstable in culture as do Fusarinm and 
Helminthosporhtm^ One notable attempt to answer this basic problem 
was made by Brown (1926, 1928), as a result of his extensive study of 
saltation in Fusarium. Among 40 strains which he obtained as sectors, 
he found that many differed from the parental cultures m the size and 
septation of their spores, and this constituted a serious objection to con- 
tinuing to use such features as important criteria in classifying the 
fusaria. Indeed, many saltants from one Fusarium species looked so much 
like those from another that it became quite clear that the taxonomy of 
the whole genus needed urgent revision, and Brown proposed that many 
of the existing species should be merged Similarly, Presley (1941) found 
that all grades of morphological types occurred among sectors in isolates 
of VcrticilUum from Chrysanthemum He, therefore, suggested that the 
genus Verticillium could not be divided into the species normally con- 
sidered to be valid. Purdy (1955) also concluded that the variations, 
again expressed as sectors, in Sclerotinia scjerotiortim, S. trifoliorum, and 
S. minor meant that they were taxonomically inseparable. In these and 
many other fungus genera, it would be a considerable help if a taxonomic 
system xvere proposed that took the inherent variability into account, 
rather than continue the outdated sx'stem of classif>4ng with reference 
to the features of dead type specimens that can no longer cx'press their 
x’nriability. 

B. Saltation and Pathogenicity 

Tile important effects of saltation on pathogenicit>' have been most 
extensively studied in Fusarium, and the results have been no less con 
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® (i) Fusarium oxtjsporum seclonng to give differently colored variants 

J ^ oxyjportim producing a sector with increased growth of nernl mycelium 
(3 and 4) Ilehninthoiporium sattvum showing sectors for color differences m 
^rowtli rate and licaMcr sporiilalion capacity (Ste\cns 1922) 

influenced b\ the type of culture used If, as it seems from most of the 
c\idence, culture variants arising by saltation from single spore cullurc** 
arc more often than not irreversible and hereditable, tlien mutation, ii' 
a general sense, would ev'plain their origin When, however, changes jn 
the culture medium can creatlv affect the rate of saltation, then tJic 
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Fig 7 Pedigrees of sectoring and dissociation in cultures of Fusartum (A) 
and Helmtnthosponum <B). (A) Two cultural types. O sporodochial, • pionnotal. 
arising in the subcultural progeny of a single-spore culture Numbers by the lines 
show the interval between subcultures in weeks, others refer to the number of sub- 
cultures made (Adapted from Oswald. 1949.) (B) The pedigree of morpho 
logically different sectors arising from eight single spore cultures of common origin 
Each number represents a morphologically ddferent isolate (Adapted from Stevens, 

1922 ) 

but equally on taxonomy. Cormack’s results (1951) from a study of two 
fusaria from alfalfa agreed with Ostvald’s, and his saltants, m addition 
to being less virulent than the parent cultures, were also less able to 
survive in dried soil. 

C. Attenuation 

As already stated, virulence of pathogenic fungi commonly decreases 
when they are kept in culture or when passed through various hosts, and 
such changes, whatever their genetic background, can 
to complete loss of virulence. Whether the losses 

temnorarv they have been collectively described as attenuation. Tins 

haploid single spore, the use of which greath increases I 
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flicting than with changes in morphology. Haymaker (1928) had two 
strains of the tomato wilt fungus, Fusarittm oxysjwrum f. hjeopersid, 
one constant in culture, the other always tending to sallate and differing 
from the other both in appearance and in pathogenicity. Tlie differences 
in pathogenicity caused by saltation proved to be in virulence only, for 
no new pathogenic races could be demonstrated among the saltants. 
Like many other workers, Haymaker tentatively considered that the 
saltants were induced by changes in the cultural environment. Snyder 
(1933) described 15 different strains of the pea wilt Fusarium, again 
differing in virulence but not in race, and he supposed that the differ- 
ences were probably the result of some type of sexual mechanism which 
might occur in nature, or that they were the result of one which had 
occurred at some earlier stage in the evolution of the fungus. In a study 
of pathogenic changes in cultures which arose as sectors in the tomato 
wilt Fusarium, Wellman (1943) found that, among several which dif- 
fered from the parent culture in pathogenicity, rather less than 1 in 1000 
had increased in virulence. Nevertheless, a rate as high as this means 
that saltation can be an important factor in the evolution of parasitism 
Wellman gave a third alternative explanation of the basis of saltation, 
for he inclined to the view that the changes in his isolates were more 
concerned with adaptation than with mutation. Weindling’s (1939) 
experience with F. vasinfcctum from cotton also indicated that nearly 
all the variants from the parental isolates tended toward reduced viru- 
lence, but he had no comment to make on the nature of the mechanism 
responsible. Burkholder (1925) found that Fusarium martii phaseoU (a 
Cause of bean wilt) dissociated during the 5 years it was kept in culture. 
His original isolates, which were “blue-green and slimy,” changed to 
white and fluffy, and there were also considerable changes in the rela- 
tive proportion of the two different spore types and in the extent of 
their septation. The 5-year-oId cultures could still infect beans but their 
virulence had decreased by half. However, passage through beans re- 
stored the original cultural appearance but not the original pathogenicity 
LeClerg (1939), by contrast, found that sectors of Rhizoctonki solani 
rom sugar beet produced more damping-off in seedling beets at 
and 25 than did the parent cultures, which, however, more readily 
rotted beet roots. Changes in culture among pathogenic fusaria were 
found by Oswald (1949) to be accompanied by a decrease in virulence. 
His sporodochial type from four fusaria changed to a pionnotal adpressed 
form in culture, a state from which they never reverted (Fig. 7)- 

As in Browns work some variants were morphologically intermediate 
betrveen the species limits of the four isolates used, again emphasizing 
the far-reaching effects saltation may have, not only on pathogenicity, 
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Fig 7 Pedigrees of sectoring and dissociation m cultures of Fusarium (A) 
and Uelmmthosporium <B) (A) Two cultural types O sporodoch.al • piomiotal 

arising in the subcultural progeny of a single spore culture Numbers by the Imes 
show the interval between subcultures m weels others rrfer to the number of sub 
cultures made (Adapted from Oswald 1949 ) (B) The pedigree of moipho 
logically different sectors arising from eight single spore cultures of Mmmon orig 
E^h number represents a morphologically dfferent isolate (Adapted from Stevens 
1922 ) 

but equaUy on taTOnomy Cormacks results (1951) from a study of two 
fusana from alfalfa agreed with Osavalds and his saltants m addition 
to being less virulent than the parent cultures were also less able to 
survive in dried soil 

C Attenuation 

As already stated virulence of paUiogenic fungi commonly decreases 
when they are kept in culture or avhen passed through various ho ts and 
such changes whatever their genetic background can «ltimatel>Jead 
to complete loss of virulence Whether the losses have been 
temporary they have been collectively described as 

Inploid single spore the list of Mhicli grciin mt 
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starting with homogeneous inoculum. With viruses, liowcver, if only for 
the reason that a great many virus particles need to be in the inoculum 
before a single lesion can be obtained, the risk of starting with mixed 
inoculum is obviously greater. Moreover, a supposedly pure inoculum of 
virus seems more easily able to become heterogeneous as a result of 
what appears to be mutation. 

With viruses, and to a lesser extent with fungi, the very high rate 
of repi eduction wlicn inside a suitable host rai^idly leads to millions of 
progeny, either as virus particles or as fungus nuclei. Even a relatively 
low mutation rate might, therefore, be expected to result in the ap- 
pearance of one or more variants within a single host plant and such 
variants may differ in virulence from the original inoculum. Although 
the analogy may be false, judging by the mutation rates in the fungus 
Neurospom crassa, or in the fruit fly Drosophila vwlanogaster, it is at 
least possible that the changes in virulence in viruses can be caused by 
mutation. In fungi, however, too little is kmown of the rate of increase 
of nuclei, once the fungus is in the host, for any conclusions to be drawn. 
Moreover, other mechanisms of variation that liavc been shown to exist 
in fungi can produce similar variants, and often at a rate more in keeping 
with the frequency with which they seem to arise in nature. 

There are many examples of attenuation in viruses, and heat treat- 
ment and host passage have been repeatedly shown to be effective. For 
example, Johnson (1947) found that after tobacco mosaic virus had been 
passed through sea holly (Eryngitim aquaticum) it produced only mild 
symptoms on tobacco. The sea liolly had presumably acted as a selective 
filter separating the mild and severe forms of the virus that Johnson con- 
sidered had arisen by mutation from severe to mild. A similar explanation 
could also apply to many dissociative changes in fungi where mutants 
occurring early during growth would be differentially selected by dff' 
ferent cultural or host environments; examples of this are given in the 
next section of this review. 

Bacteria are commonly attenuated when kept in culture, as Kelman 
an Jensen (1951) found with Pseudomonas solanacearum, which causes 
plant wilts. Their cultures rapidly decreased in virulence during succes- 
sive transfers, but did not do so when kept in sterile mineral oil Not only 
changes in virulence, but also in tolerance toward changes in pH of the 
cu mre media and in morphological features, were found by Ark (1937) 
in Eriomia amtjlovora, the cause of the destructive fire blight of pear. 
Older cultures tended to dissociate into rough forms, and rhizoid or 
translucent variants were also encountered. Ark described dissociation 
as the idea of regular cycles through which bacteria pass in their life 
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history” and he pointed out that it was an important factor in the rise and 
decline of fire blight outbreaks. 

In yeasts, the dissociations observed by Fabian and McCullough 
(1934) occurred in a well-defined sequence. By altering the temperature 
and light intensity, their cultures could be repeatedly made to follow 
a specific line of variation, and the resulting variants always remained 
stable, never reverting to their original forms. Their work almost implies 
that dissociation is the outcome of some regular recombination system 
rather than of randomly occurring mutations. It is, in fact, reasonable to 
suppose that many of these examples of saltation, dissociation, and 
attenuation will ultimately be assigned to some more specific genetic 
mechanism of microbial variation. Indeed, the only useful purpose that 
has been served by all three of these categories during the rise of the 
genetic approach to plant pathology has been that of giving a temporarj’^ 
name to general examples of unexplained variations. A good measure 
of future progress in the genetics of variation in plant pathogens will be 
the rate at which these terms are discarded and the relevant phenomena 
assigned to more specific genetic mechanisms. 

V. Adaptation as a Mechanism of Change in Plant Pathogens 


Adaptation in microorganisms has been known since 1887 when 
Kossiakoff noticed that bacteria could alter their tolerance to antiseptics. 
Not only is its practical importance now fully recognized in medicine, 
bacterial physiology, and industrial microbiology, but it is also accepted 
as an important mechanism of microbial evolution. ^ ^ ^ 

In the broadest sense, adaptation in microorganisms is the acquisition 
by an organism of the ability to perform some physiological process 
which it could not previously fulfil, or at least could not do effectively. 
Adaptations in microorganisms have been shown by three mam hnes ot 
work: (1) acquiring a tolerance toward previously toxic substances, {-) 
acquiring the ability to use new substrates for growth, (3) changing in 


virulence toward host plants. . , , 

The first of these is obviously important in medicine and plant 
pathology because it leads to the development of forms resistant to an i 
bioties, drugs, and fungicides. The second 
in academic studies of microbial physiology and m industrial 
tion, in which there are many examples “t^'^^eanisms undergoing 
adaptive changes in their basic nutritional needs, t - ‘ ^ 
adaptation tha^s most closely allied in principle o f '' 
plant pathogens to alter their pathogenicit 5 % for 

sources of food supply could clearly be a prerequisite for a change 
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virulence. However, it is equally probable that some disease resistance 
in plants may be controlled by specific host-produced toxicants. Many 
experiments have been made to lest for adaptive changes in fungal and 
bacterial pathogenicity, and it is not surprising that conflicting resultSj 
or results capable of many different interpretations, have been obtained 


A. The Basic Mechanisms of Adaptation 
Before dealing with adaptive changes in plant pathogens, it is neces- 
sary to discuss the inherent difficulties in discriminating between the 
possible interpretations of the mechanism underlying microbial adap- 
tation. Take a simple example of an organism which cannot grow m a 
substrate S, but the possession of an enzyme Es would enable it to do so 
It has been repeatedly found that, by keeping the organism in S for a 
period of time, or by successively subculturing it into increasing con- 
centrations of S, the organism will gradually acquire the ability to grow 
in S, and furthermore, the presence of Es can often be demonstrated 
There are two principal explanations for this adaptive behavior. One 
invokes the gradual formation of an enzyme that can break down S and 
so make it available for growth of the organism; this process is called 
“enzymatic adaptation,” as distinct from the more general term adap- 
tation.” The other discounts this view and postulates, often with goo 
evidence, that mutants arise that have the ability to use the metabolites 
in S, that such mutation probably occurs at random, and that the mutants 
are then favorably selected by S. This would lead to the gradual building- 
up of a population which could use S, and the end result would be the 
predominance of a new type of organism, no less than as a result o 
enzymatic adaptation. Here adaptations that are caused either by the 
selection of mutants or by the appearance of adaptive enzymes will be 
considered. In many experiments, the adaptations have proved to be 
only temporary, whereas in others they are permanent and hereditable 
Because of these alternative explanations, many experiments have 
been designed to detect mutants that may arise while the test organisms 
are in the substrate. The alternative mechanism based on an adaptive 
enzyme, which involves some as yet unknown change in the interna 
economy of the cell, either nuclear or cytoplasmic, and which results in 


the gradual production of an enzyme, c? ' 
mutation can be shown not to occur or 
by a critical technique. Ryan (1952) cll 
2 X 10 ‘ per bacterium per generation, 
coli previously unable to use lactose (• 
tations towards lac* ability arose quite ' 
which the b ia were kept, and the 


be inferred either when 

■> tp^ ^ ’Uto account 

' a rate of 

’ .Ichia 
» Mu- 
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in the different cultures used in the experiments was the same as that 
which would theoretically be expected if they had in fact arisen by 
random mutation. Ryan dismissed the alternative explanation that the 
acquired and inheritable lactose-fermenting ability was brought about 
by a system of enzymatic adaptation, and he argued that much of the 
earlier work on adaptation in Escherichia should be reinterpreted as 


mutation followed by selection. 

The role of the substrate, then, is either to select mutants as they 
arise or to induce the formation of enzymes. If enzymes are already 
present but in too small a quantity, or are inhibited in some way the 
substrate may induce them to work. In addition, there is the possibility 
that some substrates may be mutagenic, any suitable mutants again being 
selected as they arise. There is no reason why enzymatic adaptation 
itself could not consist of a series of mutations, each vyith a very sma 
effect, but successively acting in one major direction, ultimately leading 
to the full development of a speciffc enzyme. However, the cause of many 
adaptations may be a combination of both 

chaLe occurrence of mutant progeny, with new physiological properties, 
which can then produce a particular ada^we enzyme. 

Hinshelwood (1953) and Dean and iefr Ss 

the mutation theory of microbial adaptation in f 

on the acouired tolerance by bacteria to drugs. Their arguments were 
rasS oX fact that mutatfon alone could ^^entf n 

with which most adaptive changes occur. In addition, m experiments i 
which progresnvely in~g^^^^^^^^^ 

attained at each stage of subcu b rsi,f tlnuTiP nmirrence 

of a few mutants . . jubltrate would lead to a growth characterized 

individuals in an inducmg su .efficient 

by a long lag Hinshelwood (1933), however, drew 

— rtrthfd'L^des that can -h^ 

cultures th.at have ^“atU than would be e.xpeeted from the 

The ratio of ny^lo n, is ™ ^ ^ B of the two distri- 

relatively "“'c difference^ distribution the 

bution curves of lag , , ^.j^gged cultures. Taking tlie means of lags 

other a preponderance of “ 

only 7“'^’ "Jigged co^ in one set (A) than in the other (IS). 
""AUh^gh the lu^ -d enzvmiatic adaptation theories are opposed. 
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virulence. However, it is equally probable that some disease resistance 
in plants may be controlled by specific host-produced toxicants. Many 
experiments have been made to test for adaptive changes in fungal and 
bacterial pathogenicity, and it is not surprising that conflicting results 
or results capable of many different interpretations, have been obtained 


A. The Basic Mechanisms of Adaptation 
Before dealing with adaptive changes in plant pathogens, it is neces- 
sary to discuss the inherent difficulties in discriminating between the 
possible interpretations of the mechanism underlying microbial adap- 
tation. Take a simple example of an organism which cannot grow in a 
substrate S, but the possession of an enzyme Es would enable it to do so 
It has been repeatedly found that, by keeping the organism in S for a 
period of time, or by successively subculturing it into increasing con- 
centrations of S, the organism will gradually acquire the ability to grow 
in S, and furthermore, the presence of Es can often be demonstrated 
There are two principal explanations for this adaptive behavior. One 
invokes the gradual formation of an enzyme that can break down S and 
so make it available for growth of the organism; this process is called 
“enzymatic adaptation,” as distinct from the more general term “adap- 
tation.” Tile other discounts this view and postulates, often with good 
evidence, that mutants arise that have the ability to use the metabolites 
in S, that such mutation probably occurs at random, and that the mutants 
are then favorably selected by S. This would lead to the gradual building- 
up of a population which could use S, and the end result would be the 
predominance of a new type of organism, no less than as a result o 
enzymatic adaptation. Here adaptations that are caused either by the 
selection of mutants or by the appearance of adaptive enzymes will be 
considered. In many experiments, the adaptations have proved to be 
only temporary, whereas in others they are permanent and hereditable 
Because of these alternative explanations, many experiments have 
been designed to detect mutants that may arise while the test organisms 
are in the substrate. The alternative mechanism based on an adaptive 
enzyme, which involves some as yet unknown change in the interna 
economy of the cell, either nuclear or cytoplasmic, and which results in 
the gradual production of an enzyme, can only be inferred either when 
mutation can be shown not to occur or when it can be taken into accoun 
by a critical technique. Ryan ( 1952 ) claimed that mutation, at a rate ot 
2 X 10 ^ per bacterium per generation, enabled a strain of Eschcric an 
coU previously unable to use lactose (lac~) subsequently to do so. Mn 
tations towards lac* ability arose quite independently of the substrate m 
which the bacteria were kept, and the distribution of the lac* individuals 
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tions of adaptive changes in fungi need frequent revision in the light 
of advances in genetic knowledge, it is best to consider the earlier 
examples of adaptive parasitism separately from the more recent work 


B. Early Examples of Adaptive Changes in Fungi 
Some of the first observations that environment could modify the 
pathogenicity of viruses, bacteria, and fungi were made in researches in 
human and veterinary pathology. For example, Pasteur found that rabies 
virus considerably increased in virulence after twenty or more passages 
through rabbit brain. Conversely, reductions in virulence can be ob- 
tained by passing pathogenic organisms through noncongenial hosts, 
and this important discovery is used for producing attenuated viruses 
for immunization. This “host-passage effect” was extensively tested in 
fungi by a group of plant pathologists led by Marshall Ward at the end 
of the last century. Ward (1903) found that the specificity of pathogenic 
laces of Puccinia dispersa could be changed by keeping them in as- 
sociation with certain grass hosts. For example, although a race cou ^ 
not be transferred directly from one species of Bromus to another, it 
could be transferred by first passing it through a third species (Table III). 


Table III 

Host Passage Effect oi Infection by Rusts on Species of Bromm" 


Spores from B stenlis 


Spores from B moi/is 


No of plants 
infected 


Successful 

infections 


No of plants 
infected 


Successful 

infections 


B gussonti 
B krausji 
B molliformts 
B pendulinus 
B. veitittis 


60 

29 

2.5 

53 


37 

14 

1 

12 

1 


53 

27 

26 

50 

4 


6 

27 

2 

30 

3 


“Ward (1903). 

In Brews Gussanu there sseic only 6 infected “f f 

inoculated with spores from rust on B. molUs, but 37 out of “ " 
footed when spores came from the same 

B. stcrilis. Ward cited many more eramples of the elf concent 

and he called the intermediate species bridging 
of these changes in msts came to be knouT. as die 

Salmon (1904) obtained results similar to Xhds lie 

on mildews of passes. Among many '“'f ' f^^/^'Xent 

differentiated a number of pathogenic races > ’ j, . f , j; 

species of Bromus. Tlie B. racemosus race could not at 
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they are not diametrically so, for both basically depend on the occurrence 
of mutations, though of different degree. The point really at issue is the 
extent and nature of the mutations and the direction of selection or 
adaptation they may undergo once they have arisen. 

Adaptation, whatever the mechanism underlying it, allows the en- 
vironment, often a specific substrate, to exert a far reaching effect on 
microorganisms. Obviously, the effect must be exerted through the cyto- 
plasm and, when changes are permanent and inheritable, the nucleus 
itself might be altered. By analyzing the progeny of adapted cultures it is 
often possible to distinguish between cytoplasmically inherited characters 



Tic 8 Dislnbution of I igs in ndapling colonics of microorgimsins (Ilmsliel- 
1933). 

on the one h.ind, and nuclear genes on the other. Interesting cvamplcs of 
acquired changes that arc similar to adaptations have been demonstratet 
in bacteria that can acquire some of the properties of different, hut 
related, strains when grown in their culture filtrates or cel! extracts 
Tliis process, first noticed by Griffith (1928), and knoun as trans- 
formation, has been rcccntU dcscrilicd m pneumococci by Ephriissi- 
Ta\lor (1931), wlio found that highly purified solutions of pncumococc.il 
dcoxNTihonucleales influenced the changes of colony morpholog)' 1^ 
txNccn rough and smooth tvpes, a fact that lUviy implv that the cliangcs 

were genetically controlled. 

Adaptive changes ha\c l>cen considered as a possible method u 
vari.ition in plant pathogens and, indeed, there are many proven evaniph** 
both in pathogenic fungi and bacteria. Because the different inten^reta 
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tions of adaptive changes in fungi need frequent revision m the light 
of advances in genetic knowledge, it is best to consider the earlier 
examples of adaptive parasitism separately from tlie more recent woik 


B. Early Examples of Adaptive Changes tn Fungi 
Some of the first observations that environment could modif\ the 
pathogenicity of viruses, bacteria, and fungi were made in lesearches in 
human and veterinary pathology. For example, Pasteur found that raluc'^ 
virus considerably increased in virulence after twenty or more passages 
through rabbit brain. Conversely, reductions in virulence can be oh 
tained by passing pathogenic organisms through noncongenia! hosts, 
and this important discovery is used for producing attenuated viruses 
for immunization. This "host-passage effect” was extensively tested in 
fungi by a group of plant pathologists led by Marshall Ward at the end 
of the last century. Ward (1903) found that the specificity of pathogenic 
races of Puccinia disperse could be changed by keeping them m as- 
sociation with certain grass hosts Foi example, although a race cou 
not be transferred directly from one species oi Bromus ^ 

could be transferred by first passing it through a third species ( a e )• 


Table III 

Host Passage Effect on Infection by Rosts on Species of Bromui' 



Spores from B sterilis 

Spores from B tnollts 

Host 

No of plants 
infected 

Successful 

infections 

No ot plants 
infected 

Successful 

infections 

B gtissonu 

60 

37 

53 

6 

27 

B krausn 

29 



2 

B molUformts 

25 

12 

1 


SO 

B penduhnus 

B vestitus 

53 

4 

4 

3 


"Ward (1903). c 

R infected niants out or oJ 
In Bromtis Gussonii there mollis, but 37 out of 60 were in- 

inoculated with spores from being inoculated to 

fected when spores came from ‘ t of the effect of host passage, 
B. sterilis. Ward cited many more ® ‘ «bridcing hosts.” His concept 
and he called the ® jJj^^own as “the bridging host thcor>’.” 

of these changes in rusts came . to Wards with his experiments 
Salmon (1904) ^any isolates of Erysiphe graminis he 

on mildews of grasses. Am ^ . their reactions on different 

diEEerentiated a number of pa race could not at first infect B 

species of Bromus. Tlie F r 
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they are not diametrically so, for both basically depend on the occurrence 
of mutations, though of different degree. The point really at issue is the 
extent and nature of the mutations and the direction of selection or 
adaptation they may undergo once they have arisen. 

Adaptation, whatever the mechanism underlying it, allows the en- 
vironment, often a specific substrate, to exert a far reaching effect on 
microorganisms. Obviously, the eflfect must be exerted through the cyto- 
plasm and, when changes are permanent and inheritable, the nucleus 
itself might be altered. By analyzing the progeny of adapted cultures it is 
often possible to distinguish between cytoplasmically inherited characters 



Fig 8 Distribution of lags in adapting colonies of microorganisms (Hinsbel- 
wood, 1953). 

on the one hand, and nuclear genes on the other. Interesting examples 
acquired changes that are similar to adaptations have been demonstrate 
in bacteria that can acquire some of the properties of different, but 
related, strains when grown in their culture filtrates or cell extracts. 
This process, first noticed by Griffith (1928), and known as trans- 
formation, has been recently described in pneumococci by Ephriissi 
Taylor ( 1951 ) , who found that highly purified solutions of pneumococca 
dcoxyribonucleates influenced the changes of colony morphology ® 
tween rough and smooth types, a fact that may imply that the changes 
were genetically controlled. 

Adaptive changes have been considered as a possible method o 
variation in plant pathogens and, indeed, there are many proven examp es 
both in pathogenic fungi and bacteria. Because the different interprela- 
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by assuming that his original inoculum must have contained a mixture 
o£ races, or that it mutated at a high rate to otliei degrees of patho- 
genicity. Nevertheless, the first supposition might be dismissed, for 
Ward took great care to purify his inoculum and to exclude contaminants, 
and the second has not been borne out by recent experiences of changes 
in the pathogenicity of rusts. In any case, an unusually high mutation 
rate would be needed to explain the rapidity of the changes observed m 
the bridging host experiments More recently. Bean et at (1954) found 
that all their physiologic races of P. dispersa were remarkably stab e m 
their infection types and host range. As a result of 14 years uor on 
Brome rusts, they found no support at all for the bri ging lost ycoO- 
and they stated that Ward could have been seriously misled by failing 
to recognize that new races of the rust were constant y arising. 


C. Recent Investigations of Adaptation in Plant Pathogetis^ 

Stimulated no doubt by recent work- on adaptation 
of bacteria, mycologists and plant pathologists lave re > 
reexamine fungi for this character. Two major direchons have been 
taken, one deaLg with adaptation of fungi under cultural conditions, 
the other with adaptation in pathogenicity. 


1. Acquired Tolerance to Poisons in Culture 

A knowledge of adaptation of ;trth'morots of 

especially important in jc of a fungus that can 

other organisms and by fungicides. ‘ 

adapt toward tolerance to “ /olnliihition by sodium arsenitc 

cessive transfers mcreased Its ole 

in agar media from 2400 parts p „ip„ics uere returned to an 

et al, 1946). However when P acquired tolerance. Wilson 

arsenic-free medium they " Scicro/ium roljsii and S dclphinii 

(1947) did similar experiments uith Scfc^ 

and found that only five tr.ansfe • P concentrations 

necessary to allow them to acquire "trained" 

xMiich were increased from P P - P P^ ^ „f „„eni.e. tlicir 

cultures were returned to eultures Clinstcnsen (1910) 

growth rate was twice ‘’’“f cibbcrcila zeac dmelopcd in- 

also found that monoconidia h chloride, and clh> 

cre.ascd tolerance to P . jnxesticators hasc ads-anced 

mcrcniy phosphate. Unfortuna Christensen and Dale (1931) in a 
any explanation of their , , „j tlic xiew tint mutations Mere 

discussion of the problem, mclin • , j changes Nei erthclms 

responsible for most of these apparenth atiaptn 



392 


E. W BUXTON 


commutatus, but after infecting B. hordeaceus, which was the common 
host for races of rust able to infect the other two Bromes, it became 

able to do so (Fig. 9). . i i. • 

In a similar study of what appeared to be host-induced changes m 
pathogenicity, Massee (1904) found that the saprophytic fungus Tricho- 
theciiim candidum could be gradually induced to become pathogenic on 
leaves of Begonia When spores were used as inoculum on a leaf whic 
had been injected with a solution of 2.% cane sugar, very small ut 









_lntecOo2_- 





ko Infeciioft 




Bromus racemosu$ B hordeaceus B Commufofus 

Fig 9 Diagram illustrating the “bridging host theory” of adaptive parasitism 
(Salmon, 1904 ) 

nevertheless sporulating lesions appeared. The few spores produced were 
transferred to another injected leaf and so on. After twelve successive 
transfers from small lesions the fungus became increasingly virulent to 
Begonia until, after some fifteen transfers, it caused extensive lesions 
without the need for injections of cane sugar. This transition from o 
saprophytic to a pathogenic existence look 12 weeks, while isolates 
succcessively transferred to uninjected leaves, as controls, caused no 
lesions. 

Many explanations have been advanced to explain these changes m 
fungi and many attempts have been made to reproduce them. Freeman 
and Johnson (1911) successfully repeated Ward’s work, when they 
that barley could serve as a bridging host for P. graminis var. tritio, 
\\hich was thereby induced to grow on oats. In a short time, sc\cra 
other investigators had also produced good evidence in support of t 
bridging host thcor)% bnt there were notable exceptions When Stakman 
ct al. (1918) tried to get bridging host evidence with races of P> grnmints 
var. compacti from Triticum vulgarc, they consistently failed to do 'iO, 
for neither harlcy nor club xxlicat would act as a bridging host, altliong | 
they appeared theoretically suitable for the purpose. In addition, bar cj 
and resistant wheats were inoculated several times in succession, o 
the rust never increased its vinilcnce toward tlicm. r 

Tliis demonstration of the apparent constancy of biological foirns o 
nists serxed to conclude the early phase of the work on aclaplntion m 
palhoiienic fungi, anti manv workers now explain Wards results cit 
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age) stuck inside the lid. Twenty-eight sectois arose' m ten of thirteen 
dishes and many of the cultures obtained from these sectors could witli 
stand the hitherto toxic effects of the vapor, and the newlv ae quired tol 



F.C 10 Indued res..tnncc of Xan,l,omo»a,^coh 
fuscans to .'intibiotic A-6 after sueccssnc etposure f 
trations of the antibiotic (After Carmona-Comez, IJoU J 

eranco was unaltered by passage through potato >" "f 

the chemical acted as a powerful mutagenic agen oj-iciml imlntcs 

selective effect on mutant clones already ousting m the original 


2. Adaptations in Fathogcnictltj 

t .n rlian"os of vinilcncc oi 

Adaptation m fungi not of puhogrn.c race. As 

biot>-pes, but It sometimes results „,„l,.rs. Ward. 

already pointed out. it is at least P™’’- ; , ^„n,pies of r.icr change 

Salmon. Frccm.an. and others, were dc.ahng « itn ex.an , 

by adaptation. 
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this view only seems the more plausible one because the alternative 
theory based on enzymatic adaptation does not at first sight seem appli 
cable to changes in tolerance towards poisons However, some fungi 
may have a detoxification system which can adapt and so could alter 
them to grow better m the presence of poison Moreover, a theory base 
entirely on mutation again does not fully explain the readiness wit i 
which the altered cultures revert, as most do, when put back on media 
containing subtoxic concentrations of inhibitory substances 

Fungicides containing copper have consistently proved success u 
in disease control, but Mader and Schneider (1948) reported acquire 
tolerance by monoascosporie cultures of Sclerotinta fructicola to copper 
sulfate in agar media All five of their original isolates could ]ust tolerate 
a concentration of 7000 ppm, but after 18 weeks’ growth on 5000 P P 
they became able to tolerate 10000 ppm While some reverte to 
parental type when later cultured on a copper-free medium, ot ers 
remained tolerant to the higher concentration In addition, these copper 
tolerant cultures differed from the original copper-susceptible cultures 
in their capacity to cause fruit rot, but no details of the differences were 
given In a similar study, Hirt (1949) found that, on an agar medium 
containing 0 1% copper, normally toxic to fungi, one in ten of his isola es 
of Porifl xantha was able to grow, and these continued to do so after 
subculture In this example, copper tolerance was linked with a morpno 
logical characteristic, the possession of compact hypbae His results also 
indicate that there are naturally occurring clones of copper-tolerant 
strains of Form, which were selected by an agar medium containing 
copper However, the examples of increased tolerance to poisons ' 
Ustilago, GtbhereUa, and Sclcrolmm cannot be explained on a simi 
surmise, for it took several generations before tolerant strains appearct , 
if tolerance had been a wild type characteristic, the first subculturings 
should ha^e revealed it 

It IS well established that some bacteria pathogenic to man can 
adapt to hccomc tolerant to antibiotics, and the same applies to some 
pl.int pitliogenic bacteria Carmono Gomez (1956) found that the plan 
patliogcnic bacteria XanlJionwna^ phascoji var /»scnii9 and X uignicen 
coaid he trained to grow in concentrations of an antibiotic as big ■ 
300 /ig per milUliler if successively transferred 9 times, at 10 da> mter 
\als, m a senes of increasing concentrations of the antibiotic (Fig ' 
One example m which mutation could haxc been dircctlv rcsponsi ^ 
for acquired tolerance to a poison was recorded by McKcc ^ 
rusanum cocri/lcimi sectored profusely when grown in agar m pc ’” 
dishes which Ind 001 gm tetrachloronitrohenzcnc (the actiie princip 
of a dressing applied to ncwl) dug potatoes to present drv rot in slor 
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bacterium was in the maize plants. In addition, he demonstrated the 
effect of selection, both by resistant and susceptible varieties of maize, 
in artificially mixed cultures of virulent and avirulent bacteria (Fig. 12). 

In resistant plants, the proportion of avirulent strain probably de- 
creases as a result of the presence of inhibitors, or the lack of some 
essential metabolite. In susceptible plants, the avirulent strain may in- 
crease by adaptation, in either case, adaptations would result in mixtures 
of virulent and avirulent strains, which are then selected by the different 



H= 12 Effect of host passage on proport- f s.rulent to avirulent bactona 
in mixed culture inoculations (After Lincoln, ) 

environments of resistance or susceptibility. Lincoln * 

thirteen single-cell cultures of the bacterium f 

during host passage; thus an adaptive change ””8 ' Ljja™ rather 

of the possibility of mutation, as a direct 

than by the section of previously existing va™ 

A tLt of Wellhausens ‘heories - ^ 

(1938), who examined the relation J increasing resistance 

of potato varieties. These , oospores and hence 

to late blight. Starting . (je inoculum, they first 

avoiding the possibility ‘’f^n Ublo variety Green Mountain, 
grew the fungus on the >’‘8'’^ ,.„rietics Evergreen, slightly 

Successive transfers „is,nh- KB/5, usually immune but 

resistant; President, considerabl) .„n„,nc and never bearing 

sometimes bearing lesions; I-’''- progressively increascil in 

lesions. During the transfers. ^ ,;,io„s on variety KB/S. 

virulence and gradually became • 
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One example of adaptation to a new host is that of the relationship 
between phage and bacteria. Luria (1953) described what he considere 
were nonmutational changes which were strictly phenotypic and non- 
hereditary, and were determined by the bacterial host cell in which the 
virus was produced. For example, phage Pa, which grew in S/iigc a 
dysenteriae strain Sh, could grow in every cell of it, but could only grow 
in 1 in 10* cells of Escherichia coU strain B. When the phage was^grown 
in B, it adapted so that it became able to grow in all the cells of B. How 
ever, when grown in Sh again, it became restricted to 1 in 10* cells of 



Tie 11 Successive passages of S15 slock culture of Phytomonas 
through rtsislant maize host OSF. (a) check; (b) inoculated with stock Sl5. 

(d), (e), (f) respectively, inoculated with S15 passage strains after two, four, sw. 
and eight micccssuc host passages. (Lincoln, 1940 ) 

Bcccnt work has similarly demonstrated that certain patliogcnic 
fungi and bacteria can change their virulence during passage throng ' 
resistant or susceptible hosts. Studies with Phytomonas stewarti, t 
cause of bacterial wilt of maize (Fig. 11), demonstrate tiiis plicnoiucnon 
(Wcllhauscn, 1937; Lincoln, 1910). While the virulence w'.is increase^ 
hy successive jiassages through a highly resistant host, it was dccreasct 
hy successive passages ihroiigli a susceptible one. However, this e\ainp ^ 
of apparent adaptation could have been caused hy selection tif iniitan 
that may have arisen during mttlUpIication of the bacterium in the Iio' • 
Lincoln (3910) extended this work and traced tlie changes m 
vinilcnct' which look place progressively oxer the period of lime t w 
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bacterium was in the maize plants. In addition, he demonstrated the 
effect of selection, both by resistant and susceptible varieties of maize, 
in artificially mixed cultures of virulent and avirulent bacteria (Fig. 12 ) . 

In resistant plants, the proportion of avirulent strain probably de- 
creases as a result of the presence of inhibitors, or the lack of some 
essential metabolite. In susceptible plants, the avirulent strain may in- 
crease by adaptation; in either case, adaptations would result in matures 
of virulent and avirulent strains, which are then selected by the different 



, „ ™ nmnortion of Mniicnt 10 avirulent bactcn.i 

Kid. 12 Effect of host p.issage on “ 

m meved culture inoculations (After Lincoln, 1940 ) , , , 
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of the possibili^ of in the inoculum, 
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A test of Wellhausen s i>]„,tophlhora injestans to a scries 

(1938), who examined the re a ‘ j f increasing resistance 

of potato varieties. roosporesfand hence 

to late blight. Starting "i hclerokaryotic inoculum, they first 

avoiding the possibility o .'1^' ^ varictv Green .Mountain, 

grew the fungus on <'>« '“8 > , varieties Evergreen, slightly 

Successive transfers were ‘ , .^nt. KH/S, usually immune hut 

resistant; President. cons.deraWy rcustant. Kl^^ 

sometimes bearing lesions. . , - progrcssil ely increased in 
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Even after they had been remoculated to the susceptible variety Green 
Mountain, then subsequent newly acquired vurulence to the resistant 
KB/5 remained unimpaired Mills (1940) also found that the potato 
strain of P infestans could be induced to attack tomato, which is nor 
mally resistant to it, after seven passages through tomato plants, its 
virulence toward tomato plants had increased so much that it killed 
them More passages through tomato, from eight to twenty two had no 
further effect Both potato and tomato strains attacked potato with equal 
vigor, but tomato strains did not change in virulence toward tomato even 
after being kept for 3 months on potato leaves or for 6 months on tubers 
Mills suggested that the tomato strain arises in nature as a result of t ie 
passage of the potato strain through tomato, and this theory is supporte 
by the observation that under field conditions the tomato strain always 
appears a few weeks after the potato strain He repeated these tests, an 
got the same results, on 6 different occasions Both De Bruyn (1947) an 
Ferris (1955) have confirmed that association with a resistant potato 
variety can alter the virulence of the blight fungus Ferris took two 
blight resistant potato varieties, one duplex for resistance gene Ri (RiRw* 
the other duplex for resistance gene R-> (R-*Ro) When susceptible simple'^ 
plants (Ri or Rj) were inoculated with either race 1, race 1,4, or race 
2, severe lesions occurred, whereas the duplex plants bore only smfl 
lesions However, a more severe susceptible reaction occurred on 1 1 
duplex plants when the inoculum came from a culture which had been 
reisolated after a series of passages through plants of their own genotype 
(RiRi or R-.R-.) Tins ‘passage effect” again shows that Phytophthora can 
alter its virulence toward a hitherto resistant host, the phenomenon 
seeming essentially similar to tlie ‘bridging host evidence” revealed 
earlier bj Ward (1903) on Bromus One striking feature of Ferris s \'or 
IS that a second passage through duplex resistant plants induced an even 
greater increase in virulence than did the first passage, and this ma ts 
it more reasonable to assume that the virulence was altered by a change 
in enzjTne acliviU, adapted to a new level, rather than to postulate a 
system of random mutation which by some chance resulted in differcn 
levels of acquired \irulence 

Despite these examples of the adaptive tendencies of some pH^ 
pathogens, other workers have reported failure to demonstrate t ic 
phenomenon For example, Kcitt and Langford (1941) were unab c ^ 
alter the xarulcnce of three haploid lines of Venturta ' 

passing them through apple on four successive occasions In addition 
Bonde ct al (1910) considered that there was no circumstantial evil cnee 
in the field for the adaptability of Phytophthora mfestans, at least n 
their experiments Nevertheless, there is at present more evidence o 
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adaptive change in virulence tlian there is against it, and tlie difficulties 
really lie in assigning tlie correct interpretations to the mechanisms 

underlying the adaptations. . t j r • 

Although much has been gained from this increasing body of evi- 
dence for adaptive pathogenicity, a more specific relationship behveen 
host resistance and some chemical substance produced by the ho^ needs 
to be established before much further Pr°f ^_Xvho deLm 

ample of this is provided by Gaumann and o ni ( ) 

strated adaptive enz^e “ n.edium containing 

produced pectinase only treatments in which it was 

pectm, and no enzyme “ , 3 jiUon they demonstrated adap- 

grown on a pectin-free medium. In addition, ey 

tive production of pectinase “ “riXTrelationship occurs in pea 

A similar opportunity to “am ^ ^ ^he quality of 

vyilt (caused by Fusarmm o^sp f^rctor governing the resist- 


ance or pea varieties ^duxiuu j. ' 

cannot grow in root exudate ® . p'iogenio to Wilt-resistant 

resistant Alaska, However, after spores of race I, 

Alaska, is stimulated by the e. parental material, were 

obtained from genetically pur j for 14 days, they became 

retained in Wilt-resistant Alaska root ewaa 

pathogenic toward that ‘f’ race 1 to race 2 pathogenicity 

This shows that a modffic ^rjienUon in the root exudate of the 

took place during the P®”® „ „„ race 1 was greater after it had 

resistant variety. Moreover, ®^.^^ rjrg normal concentration. The fact 
been retained in exudate o ^ exudate used in the experiments 

that each aliquot of ^ ^retention seems to indicate that mutation 
acted like race 2 after 14 jjjjj change. If mutation were as- 

could not be wholly responsi ^ would be expected to become a 
sumed to have occurred, occur, for plants inocu- 

mixture of races 1 and 2- j^cpt in exudate all wilted without 

lated with race 1 which ha alternative explanation that the 

exception, and no controls x adaptation enabling race 1 to use, or 
change was caused by enzym present in the exudate seems 

alternatively to tolerate, Changes of this type could result in 

equally likely (Buxton, 1 make use of substances similar 

acquired ability to tolerate an roots, available after 

to the exudate that are pr®s 

penetration. ^ , . t , Pusarium oxtjsporum and Fhytophthora in- 

The results with botn sudden appearance of diseases 

iestans go some way toward e.xplaining 
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in areas or among host varieties in which they have not previously teen 
recorded. Such outbreaks of Fusarium diseases are common and there 
is a well-known pattern of the annual appearance of new races of the 
blight fungus as the season advances (Toxopeus, 1956). It would also be 
interesting to know whether losses of pathogenicity, well-known in 
fusaria in culture (Armstrong et al , 1940) and common in several 
other fungi, are caused by a similar adaptive mechanism. 



Fig 13 Wilting caused by Fusarium oxijsporum f ptsi race 1 after 14 
retention in root exudate of pea variety wilt-resistant Alaska O Race 1 retaine 
exudate at concentration 4 times normal A* Race 1 retamed in exudate of 
concentration O Race 1 retained in sterile distilled water A : Uninoculated p 

Variations by adaptation, no less than other mechanisms of variation 
discussed in this review, have figured in the now rapidly growing recog 
nilion of the very great range of variability that fungi can draw on, an 
there seems little doubt that passage through a given host can alter t ic 
virulence of some patliogens. The question of how far the physiology o 
a fungus may be influenced by the host environment, and how permanen 
the resulting modifications arc, can best be answered by making 
studies of adaptation m vitro, but until more is known, caution is nec e 
in interpreting its basic mechanism. It has, however, become eviden 
that many of the problems of variation in pathogenic microorganisni 
arc not easy to explain by any other mcclianisms than adaptation, ta lo 
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the definition in its general sense While many adaptive changes are only 
temporary and are readily reversed, many may be permanent and 
hereditable, but even temporary changes would last long enough to 
cause damage to the host. 
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duce yellow spots instead of the ordinary mosaic symptoms. Kunkel 
(1947) stated that more than 400 strains of tobacco mosaic virus bad 
been isolated or found to occur in nature. It is generally agreed that new 
virus strains are continually arising by mutation or a process related to 
it, but the rate of such changes differs in different viruses. The variants 
may differ from the parent strains by one or more of such characteristics 
as infectivity, longevity, point of thermal inactivation, optimum tempera- 
ture for development, rate of movement in host tissues, type of lesion 
produced, host range, specificity to insect vectors, amino acid content, 
serological and immunological reactions, or other traits (Kunkel, 1947). 

Variants are readily detected in the greenhouse and laboratory. 
Although they exist under natural conditions, their expression tends to be 
restricted by the greater invasiveness of highly adapted, common strains. 
In the laboratory, less infective variants may often be selected in a 
pure state from plants inoculated with a minimal infective dose. Dilution 
experiments have shown that the various characteristics of virus strains 
are heritable in the sense that they are perpetuated in serial transfers. 
However, mutability appears to be a characteristic of most strains. For 
tobacco mosaic virus, Kunkel (1940) estimated a mutation rate of about 
0.5^. For the same virus, Gowen (1941) estimated the rate of mutation 
to the aucuba strain as 15 0 X 10“* and the rate of the reverse mutation 
as 14.8 X 10-*. 

From the point of view of the inheritance of pathogenicity, mutation 
affecting host range is of particular importance. Kunkel (1940) states 
that the mutants of tobacco mosaic virus are not transmissible to plants 
immune from it and that they show immunological and serological 
relationship to tobacco mosaic virus Within the limits of variability of 
a virus, the production of mutants will give opportimities for various 
host-virus associations. In host species with resistance genes operative 
against virus strains, these host-virus relationships are, in effect, host- 
gene : virus-strain relationships. 

Some light may possibly be thro^vn on host-virus relationship by the 
remarkable recent investigations of Gierer and Schramm (1956), and 
Fraenkel-Conrat et al (1957). Their studies have sboivn that the tobacco 
mosaic virus rod is made up of ribonucleic acid (RNA) surrounded by 
a covering layer of protein The two were separated and tested sepa- 
rately for infectivity. For the strains tested, infectivity and specific 
symptom production are properties of the RNA. In 'liybrids produced 
by combining the RNA of one strain with the protein of another (Fraen- 
kel-Conrat et al, 1957) the host symptoms resulting from infection are 
those of the strain supplying the RNA. The two components, however, 
are apparently necessary for die normal ivnctioaing of a virus strain 
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I. Introduction 

Knowledge o£ the inheritance of pathogenicity in phytopathogemc 
organisms is a product of our own time— principally of the second and 
third quarters of this century. This knowledge, however, could not ave 
been acquired had it not been for the groundwork laid by earlier genera 
tions. In this respect several earlier lines of investigation are fundamenta . 
The culturing of pure lines of fungi and other microorganisms, the un er 
standing of the mechanism of transmission of hereditary qualities, an 
the development of the physiological race concept as applied to ungi 
were all fundamental to development of this field. Methods of cu 
bacteria and fungi in vitro (developed by Kocli, Brefeld, and ot ersj, 
investigations of host-pathogen relationships in the studies of Biffen on 
the inheritance of resistance in wheat to yellow rust ( caused by PttcciniG 
glumarum)j and the erection of formae speciales of Puccinia gramm 
by Eriksson (1894) are specific milestones in this chain of developmen^ 
The concept of the physiological race, however, is largely derived 
the work of Barrus on bean anthracnose and of Stakman and his c 
workers on stem rust of wheat , , 

Finally, the work of numerous mycologists and cytologists w 
studied the life cycles, morphology, and cytology of pathogenic ^ 
isms was essential to progress in genetic studies. On their work rest 
methods of hybridization between pathogenic strains of fungi. 

II. Mutation 
A. Introducionj 

Sexual processes leading to gene recombination do not occur m 
microorganisms. Nevertheless, those organisms that do not appear 
use the sexual method of transmission of hereditary characters have 1 
o\vn means of transmitting them and of producing variants. These mea 
must he examined in any study of the inheritance of pathogenic proper 
tics. It is not possible to define mutation, for present purposes, in term^ 
of mechanism. Tlierefore, in this discussion, mutation must he cen 
sidcred as any heritable change that can not be accounted for by ot ic^ 
means such as recombination, hetcrokaryosis, transduction, or parasevu. 
processes. 


B. Mutation in Asexual Organisms 

1. Vfa/ses 

Knowledge of the existence of variants in plant viruses dates b.ick to 
McKinney’s isolation (1920) of strains of tobacco mosaic virus that pro* 
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3 Imperfect Fungi 

Most of the imperfect fungi are related to the Ascomycetes both are 
haploid, the imperfect fungi entirely so, while most ascomycetous f un gi 
are haploid during their period of growth and dikaryotic or diploid only 
m the reproductive stage With respect to mutation, the chief difference 
between these two types of fungi is that m an ascomycetous fungus with 
a functioning perfect stage, mutant factors have an opportunity for 
formmg recombinations whidi is denied to them in an imperfect fungus 
Since the fungi are haploid, mutations for pathogenicity or other char 
acters should be immediately expressed unless expression is mhibited by 
epistasis or influenced by modifying factors If more than one genetic 
type of nucleus is present in a mycelium, the pathogenic effect may be 
the result of an unstable balance between the nuclei present in the 
heterokaryon as postulated by Hrushovetz (1957) for Helminthosponum 
sativum Such myceha should be amenable to selection of more or less 
vigorous pathogenic types (see Vol II, Chapter 10) Although hetero 
karyosis may influence the expression of mutant factors, the initial 
source of variation is mutation 

Many ascomycetous fungi are highly mutable for cultural character 
istics, the trend of mutation most frequently being from a conidial to a 
mycelial type, as described by Hansen (1938) for imperfect fungi 

There are fewer references m the literature to mutations for patho 
genicity A prerequisite for mutation for pathogenicity is the existence 
of lines of distinctive pathogenicity comparable to the physiologic races 
of the rusts Though not always described as physiologic races, such 
lines have been found m many Ascomycetes or imperfect fungi related 
to them 

Any mutation for pathogenicity involves some change m the relation 
ship between the pathogenic race and some host gene (or genes) con 
cerned with host reaction The work of Langford (1937) and Bailey 
(1950) has thrown some light on the genetics of host pathogen relations 
of the tomato (Lycopersicon esculentum) and the leaf mold fungus, 
Cladosporium fulvum 

Langford ( 1937 ) showed that the Red Currant tomato L pimpinelh 
folium carries a dominant gene, Cf 2 *, on the fourth chromosome which 
confers immunity agamst races 1 and 2 of the leaf mold fungus On the 
fifth chromosome is located an independently segregatmg dominant 
gene, Cfs, which is hypostatic to the immunity gene and m its absence 
conditions resistance to these two races 

® The genes are named accsirdxng to the simplified designation of Ricfc and 
Butler (1956) Cfi was orginally designated as Cf,^, Cf, as Cfpj and Cfj as Cf^ 
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When progeny studies were made with virus taken from lesions produced 
by the hybrids, there was some evidence for the presence of mutant (or 
possibly segregant) strains 


2 Bacteria 

A very extensive literature has grown up on mutability of bacteria, 
but mutation for pathogenicity m plant pathogenic bacteria has been 
little studied . 

Wellhausen (1937) showed that successive passage of strams o 
Fhytomonas stewartii through highly resistant lines of maize resulted m 
mcreased virulence whereas passage through susceptible hnes tended to 
reduce virulence This work was confirmed, for the same organism, y 
Lincoln (1940), who reported that a study of single cell colonies from 
old stock cultures showed that these are composed of many variants, 
presumably of mutational origin, differmg in virulence In a resistan 
host there is selection in favor of the virulent types In susceptible hosts 
both virulent and avirulent types are propagated, and there is a tendency 
toward diminished virulence Lmcoln demonstrated further that virulen 
smgle-cell cultures also lose virulence by passage through a suscepti 
host but maintain their virulence in successive passage through a resistan 
host. As these cultures started from single cells, the variability was con- 
sidered to be mutational m origin For the characters studied, the niu* 
tants appeared to have about the same degree of stability as the parent 
strains The rate of mutation of colony characteristics ranged from 1 
20,000 to 1 in 80,000 cells 

Lmcoln and Gowen (1942) studied the effect of X-ray irradiation on 
mutation m the same species of bacteria Tlie characters studied were 
color, surface appearance and size of colony, and pathogenicity In o 
\%eakly pathogenic stram virulence was more frequently mcreased tian 
decreased, whereas in a highly pathogenic strain a decrease in virul^cc 
was more frequent They concluded that X-ray induced mutation differs 
from spontaneous mutation only by increased production of mutants 
In both types, mutants appeared to be as stable as the parent form from 
which they were derived , 

Ark (1916, 1951) showed that certain naphthalene compounds an 
uranium salts maj act as mutagens on Conjncbnclcrttnn viicJitgancnsc. 
Lnolnla carotovora, and A'flnf/iomonas juglancUs Tlicsc mutagens a 
fcctcd both cultural characters and pathogcnicit)’ Mutations to hlS 
and lower \irulcncc were produced 

Tliesc studies demonstrate that mutation or some process akin to > 
is on important factor m bactcml aarialion for palhogcnicilv. 
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tective effect of a single host gene as indicated in Fig. 1. Thus, race 1 by 
two separate, single-step mutations gave rise to races 5 and 9; race 5 by 
trvo single-step mutations, to races 7 and 8; while race 7 by one such 
mutation produced 6. This latter race, which attacks all the sources of 
resistance, seems to be the end of this chainlike process. 

(Vetomold) (V-I2I) (Stirling Costle) 



Fjc 1. Genes governing resistance to races of Chdospontm fulvum fn certain 
tomato varieties and mutations in the fungus rendering ineffective the resistance con> 
ferred hy certain genes 


Bailey’s hypothesis of stepwise mutations has been strengthened by 
the work of Day ( 1957 ) who, by means of ultraviolet irradiation, induced 
a mutation of race 0 (Bailey’s race 1) to race 2 (Bailey’s race 5), thereby 
producing experimentally a mutation which Bailey had conjectured from 
circumstantial evidence. The fact that Day’s mutation was induced in a 
red-pigmented culture eliminated contamination as a source of error. 

C. Mutation in Sexual Organisms 
1. Phytophthora infestans 

In sexual oigaxiisms the added significance of mutation is that the 
mutant factors become subject to the process of recombination. However, 
in many fungi in which a perfect (sexual) stage is known, the occurrence 
of this stage is so rare that the sexual process is likely to play little part 
in variability. One such fungus is Phytophthora infestans, in which the 
sexual stage occurs infrequently. This organism provides one of the 
clearest examples in phytopathological literature of mutation as a means 
of pathogenic variation. 

Giddings and Berg (1919) showed the existence of pathogenic 
strains. Isolates from potato were weakly pathogenic on tomato, whereas 
those from tomato attacked both potato and tomato vigorously. 
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By crosses with varieties of B. esculeniuTn, these two genes 
introduced into economically useful tomato varieties; Cfj into Vetomo 
and Cfa into V-121. A third dominant gene for resistance, desipated ny 
Langford as Cfi. was present on the third chromosome of the vane V 
Stirling Castle. In the variety V-473 this last gene was combined witn 
gene Cfj to give a more broadly based resistance. 

Bailey (1950) stated that in 1934 and 1935 only races 1 and 2 ot o. 
fulvum were known to exist in Ontario. Gene Cf 2 , contained in e 
house tomato variety Vetomold, was effective against these races, 
the introduction o£ this variety, leaf mold disappeared wherever e 
mold was grown exclusively. , . 

In 1939 leaf mold reappeared on Vetomold. Race studies showe 
this leaf mold was a new race (race 5), which was like the former y prc ^ 
alent race 1, except that Vetomold was susceptible, that is to say, 

Cf 2 was ineffective against the new race. _ , 

Vetomold, now suffering severely from leaf mold infection caus 
by race 5 was replaced in 1941 by the variety V-121, which containe 
gene Cfs, effective against race 5 as well as the formerly common rac 
1 and 2. After a period of freedom from mold, V-121 began to s o ^ 
sporadic infections. Race studies showed that these were caused y 
new race (race 7) similar to race 5 except that V-121 was suscepti ^ 
Vetomold, which carried gene Cfa, and Vineland Red Currant, w nc^ 
carried genes Cfa and Cfa, were also susceptible to race 7. Race 7 w 
the only race isolated from 1947 to 1949 from commercial greenhous 
in which these varieties had been grown. _ , 

Gene Cfi, in the variety Stirling Castle, was effective against 
originally common race 1 as well as the new races 5 and 7, but was 
effective against race 2. In 1940 a second race capable of 
Stirling Castle was found, but only in trace amounts. This race, descn e 
as race 6, resembled race 7, except that the gene Cfi conditione r® 
sistance to Stirling Castle and was ineffective against it. Later, con 
siderable leaf-mold infection on this variety was found to be caused V 
yet another race, race 8, which was like race 5, except that Stirling Cas 
was susceptible as was V-473, which combined genes Cfi and Cf-. 

Finally, still another race (race 9) was isolated, presumably ro 
plants of V-121 growing in greenhouses in which race 1 had been pr^ 
dominant. This new race was like 1, except that V-121 was susccpli 
instead of resistant. 

Bailey (1930) advances strong arguments in favor of the lijpol 
that the new races (5. 6, 7, 8, and 9) arc mutants which may be traccu 
back to race 1. the original wild t>Tic of C. fulvum. This presumed mm 
tation process proceeded stepwise, each mutation overcoming the pr 
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The diagram (Fig 2) illustrates the mutational sequence by which 
races of P. infestans can produce other races by single step mutations 

The fact that P infestans adapts readily to sources of resistance has 
been established by many investigations The mechanics of this adap 
tation are not entirely clear. Graham (1954, 1955) considers the fungus, 
as found m nature, to be heterokaryotic but maintams that zoospores are 
unmucleate If they are unmucleate, the adaptation reported by De 
Bruyn (1951) and others in single zoospore cultures is probably princi- 
pally or entirely of mutational origm 

2 The Rusts 

It has been shown by growing rust cultures in isolation for long 
periods that mutations for pathogenicity do not occur frequently Stak 
man et al (1930) reported a mutation m a culture of wheat stem rust 
only after it had been grown m pure culture for 13 years, Mehta (1940) 
reported that he had kept a race of wheat stem rust and two races of 
wheat leaf rust m culture for 100 uredial generations without the occur- 
rence of a mutation, and Vasudeva et al (1955) stated that some cul 
tures had been kept for more than 300 generations witliout observable 
mutation for pathogenicity 

Recent work (Watson, 1957a) has demonstrated mutations for in- 
creased virulence in single-spore cultures of wheat stem rust under 
conditions of mass mcrease of spores on susceptible plants Though 
heterokaryosis (see Vol II, Chapter 10) is not here under discussion, 
several recent studies (Nelson and Wilcoxson, 1954, Nelson et al, 1955, 
Nelson, 1956, Watson, 1957b) have shown that mutant factors may be 
given expression through nuclear exchange between physiologic races 
Evidently mutation is a more important source of pathogenic variation 
thau hitherto supposed and mutations, presumably mostly recessive, 
have, in heterokaryosis, a means of expression additional to segregation 
in the sexual stage However, unless somatic segregation occurs this 
means of expression should, theoretically, be less effective than the 
sexual stage in bringing mutations to light 

The function of the sexual stage of Puccmta gramims in giving e\ 
pression to mutant factors has been described by Johnson and Newton 
(1938) who found that several characters mostly disadvantageous to the 
propagation of the organism occurred m the Fz, Fj, and r 4 generations 
of a cross between n\o ph>siologic races of wheat stem rust Tliese 
characters included decrease in vigor of sporulation, suppression in some 
cultures of pathogenicity at high temperatures, loss of ability to produce 
aecia, and the production of uredia and teha on barbcrT>' in some cul 
tures which had lost the abihtj' to produce aeaa In some rust cultures 
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The opportunity to demonstrate distinct races in the potato strain of 
P. infestans came with the incorporation in tlie potato of resistance genes 
from Solamim dcmissum. Black (1952a) showed that four of these re- 
sistance genes (Rl, R2. R3, R4) conditioned resistance to races of potato 
late blight, each gene determining resistance to certain races. These 
genes, referred to as major genes, are inherited independently in simp e 
Mendelian fashion, j • f 

The introduction of the demissum genes Rl, R2, R3, and R4 m o 
potato varieties separately and in all 14 possible combinations gave 
unique opportunities for demonstrating a relationship betw^n t e 
physiologic specialization of the pathogen and the genotype of the os . 
Helpful in establishing this relationship were several spontaneous mu 
tations recorded by Black (1952b). All of these mutations shovve an 
extension of pathogenic range obviously related to the genic constitution 



^3 

Fig 2 Diagram illustrating how races o£ P. infestans can produce other races 
by smgle-step mutations (From Black et al, 1953 ) 


of the hosts. In the following itemization of the mutations, the 
constitution of the variety parasitized is given in parenthesis. Race A(r/ 
->race D(R4); race B(Rl)->race B2(R1,4); race E(R1,3) 
F(R1,3,4); race I(R3, 4) -> race F(R1,3,4). It will be observed that 
all the mutations are single-step changes in each of which the pathogen 
gains an ability to overcome the resistance effect of a single R 
Further evidence for single-step mutations was gained in a success 
attempt to change race D(R4) to race C(R2,4) by growing race D 
four spore generations on detached leaves of a plant of genetic 
constitution R2. 


Black concluded that “specialization proceeds along particular^ ines 
only and that these lines are determined by the genetic relationships o 
the hosts.” Tliis hypothesis led to the designation of each parasitic race 
by the resistance factors it can overcome: the common race, 
against all R factors, is designated as 0; other races as 1; 1»2; I*"’ ’ 
1,2,3,4; etc. 
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shown by Stakman et al (1933) and Rowell and DeVay (1954) that 
some of these mutants may exceed the ongmal line m virulence Because 
mutations for pathogenicity must be detected indirectly m dikaiyotic 
combinations of mutant Imes, there is httle knowledge of their frequency 
of occurrence. 


III. Hybridization 
A The Smuts 

1. Pathogenic Relationships in the Haploid and Dikanjotic Stages 

Although there is a great diversity of cytologic behavior in the smuts, 
a common pattern may be observed in the species that have been stud 
led The pathogenic mycelium of a smut is dikaryotic At the completion 
of pathogenic development the conjugate nuclei fuse in the young 
tehospore* Smce the tehospore is unmucleate (diploid), it might be 
thougjit that the diploid nuclear condition governs the change from the 
vegetative, that is, the pathogenic stage to the reproductive, or spore 
forming stage That this is not so is shown by the fact that the tehospores 
are already in process of formation, while the smut is still in the bi- 
nucleate condition In the germination of the tehospore, meiosis occurs 
with the production of four or, m some genera, eight nuclei in the 
promycelium Further development m the haploid stage may be spondial 
or mycelial, depending on the species, but is, almost universally, sapro 
phytic Before a pathogenic relationship can be established with the 
natural host of a smut, sporidia or mycelia of compatible mating types 
must fuse to reestablish the dikaryophase 

In many smut species an immense amount of variation has been 
observed in the haplophase Though much of this variation is of 
interest genetically, it bears little relation to pathogenicity, because the 
haplophase is the nonpathogenic phase of the smut life cycle Tlie occur 
rence m the haplophase of mutations for pathogenicity that later gam 
expression in the dikaryophase has been mentioned earlier 

2 Sexual Phenomena 

The smuts are suitable material for genetic studies because (1) 
meiosis occurs in the germination of the tehospore, (2) the products of 
meiosis, usually in the form of spondia, can be transplanted to artificial 
media for the study of mating reactions and cultural characteristics, (3) 

•In conformity mth the practice of Fischer and Holton (1937) the term 
teliospore is used in place of chIam>dosi>ore because functionally the so-caHed 
chlamydospore of the smuts is identical with the tehospore of the rusts 
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(Johnson and Newton, 1943), inability to produce aecia or even pycnio- 
spores was a characteristic of about half of the sporidial infections and, 
therefore, was traceable to defects in half of the sporidia, suggesting 
a 2:2 ratio for that character. Perhaps the most une.\pected character- 
istic observed in Puccinia graminis was a tendency of some of the aecio 
spores of a culture of wheat stem rust to produce abortive pycnia on 
wheat (Johnson and Green, 1954), a characteristic with obvious evolu- 
tionary implications. r 

Since all these abnormalities have been found in the progeny o 
apparently normal uredial cultures, rust cultures must quite common y 
contain mutant factors that give rise to new characters. For the mos 
part these are unfavorable to the organism but, conceivably, some may 
have evolutionary significance. 

The production of mutations by artificial methods to improve ou 
understanding of the mutational process has been unjustifiably neg ecte 
in rust studies. Flor (1956b) produced mutations from avirulence to 
virulence in the flax rust fungus, Melampsora Uni ,by ultraviolet irra 
tion of a hybrid race Imown to be heterozygous for several factors, m 
virulence is recessive, a dominant and a recessive gene were presen 
each heterozygous locus, with the result that the race was avirulen o^^ 
the flax varieties affected by these loci. A single hit that altered a omi^ 
nant gene might be expected to diange a genotype from Aa to aa. 
effect, three separate gene changes from dominant to recessive, ea 
affecting the reaction of a single flax variety, appeared to have 
as a result of the irradiation. Other changes appeared to involve tme 
genes so closely linked that the mutational change affected all t ree 
simultaneously. Thus mutagenic agents, judiciously used, may be em 
ployed to bring about results desired by the investigator. The total 
her of infections caused by the irradiated spores in relation to 
number of infections displaying mutant properties is a useful measure 
the relative mutation rates of genes that condition pathogenicity. 


3. The Smuts 

When cultural studies were undertaken with haploid lines developing 
from sporidia of germinated teliospores, it became apparent that mutation 
for cultural characters was frequent in some species. Because thes 
haploid lines are nonpathogenic, direct observation of mutation 
pathogenicity was not possible. There is, however, no a priori reason 
for supposing that mutations directly affecting pathogenicity do no 
occur in the haplophasc. In fact, circumstantial evidence that they ^ 
occur is available from the work on Ustilago maydis (V. zccic) ^ > 
Christenson and Stakman (1926) and Stakman ct al. (1929), and it 
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shown by Stakman et al. (1933) and Rowell and DeVay (1954) that 
some of these mutants may exceed the original line in virulence. Because 
mutations for pathogenicity must be detected indirectly in dikaryotic 
combinations of mutant lines, there is little knowledge of their frequency 
of occurrence. 


III. Hybridization 
A. The Smuts 

1. Pathogenic Relationships in the Haploid and Dikaryotic Stages 
Although there is a great diversity of cytologic behavior in the smuts, 
a common pattern may be observed in the species that have been stud- 
ied. The pathogenic mycelium of a smut is dikaryotic. At the completion 
of pathogenic development the conjugate nuclei fuse in the young 
teliospore.® Since the teliospore is uninucleate (diploid), it might be 
thought that the diploid nuclear condition governs the change from the 
vegetative, that is, the pathogenic stage to the reproductive, or spore- 
forming stage. That this is not so is shown by the fact that the teliospores 
are already in process of formation, while the smut is still in the bi- 
nucleate condition. In the germination of the teliospore, meiosis occurs 
with the production of four or, in some genera, eight nuclei in the 
promyceJium. Further development in the haploid stage may be sporidial 
or mycelial, depending on the species, but is, almost universally, sapro- 
phytic. Before a pathogenic relationship can be established with the 
natural host of a smut, sporidia or mycelia of compatible mating types 
must fuse to reestablish the dikaryophase. 

In many smut species an immense amount of variation has been 
observed in the haplophase. Though much of this variation is of 
interest genetically, it bears little relation lo pathogenicity, because the 
haplophase is the nonpathogenic phase of the smut life cycle. The occur- 
rence in the haplophase of mutations for pathogenicity that later gain 
expression in the dikaryophase has been mentioned earlier. 

2 Sexual Phenomena 

The smuts are suitable material for genetic studies because (1) 
meiosis occurs in the germination of the teliospore, (2) the products of 
meiosis, usually in the form of sporidia, can be transplanted to artificial 
media for the study of mating reactions and cultural characteristics, (3) 

"In confonnJty with the practice of Fischer and Holton (1937) the term 
teliospore is used in place of chlamydospore because functionally the so-cilled 
chlamydospore of the smuts is identical %vilh the teliospore of the rusts 
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(Johnson and Newton, 1913), inability to produce accia or even pycnio- 
spores was a characteristic of about half of the sporidial infections and, 
therefore, was traceable to defects in half of the sporidia, suggesting 
a 2:2 ratio for that character. Perhaps the most unexpected character- 
istic observed in Pticcinia graminis was a tendency of some of the aecio- 
spores of a culture of wheat stem rust to produce abortive pycnia on 
wheat (Johnson and Green, 1954), a characteristic with obvious evolu- 
tionary implications. t 

Since all these abnormalities have been found in the progeny o 
apparently normal uredial cultures, rust cultures must quite common y 
contain mutant factors that give rise to new characters. For the mos 
part these are unfavorable to the organism but, conceivably, some may 
have evolutionary significance. 

The production of mutations by artificial methods to improve on 
understanding of the mutational process has been unjustifiably neg ecte 
in rust studies. Flor (1956b) produced mutations from avirulence 
virulence in the flax rust fungus, Mclampsora Uni ,by ultraviolet irra la 
tion of a hybrid race known to be heterozygous for several factors, 
virulence is recessive, a dominant and a recessive gene were presen 
each heterozygous locus, with the result that the race was avirulent on 
the flax varieties affected by these loci. A single hit that altered a 
nant gene might be expected to change a genotype from Aa to aa. 
effect, three separate gene changes from dominant to recessive, ea 
affecting the reaction of a single flax variety, appeared to have occurre 
as a result of the irradiation. Other changes appeared to involve 
genes so closely linked that the mutational change affected all t ee 
simultaneously. Thus mutagenic agents, judiciously used, may be em 
ployed to bring about results desired by the investigator. The total num 
her of infections caused by the irradiated spores in relation to ^ 
number of infections displaying mutant properties is a useful measure o 
the relative mutation rates of genes that condition pathogenicity. 

3. The Smuts 

When cultural studies were undertaken with haploid lines developmg 
from sporidia of germinated teliospores, it became apparent that mutation 
for cultural characters was frequent in some species. Because t es 
haploid lines are nonpathogenic, direct observation of mutation o 
pathogenicity was not possible There is, however, no a priori reason 
for supposing that mutations directly affecting pathogenicity do no 
occur in the haplophase. In fact, circumstantial evidence that they 
occur is available from the work on Ustilago matjdis (V. zccie) V 
Christensen and Stakraan (1926) and Stakman ef ah (1929), and it 'vas 
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following alpha radiation, would suggest that Chilton (1943) is correct 
in his assumption that these lines are diploid due to failure of normal 
disjunction of chromosomes. 

3. Pathogenicity Ratios 

Combinations occur among the haploid elements of a single germi- 
nating teliospore, and the pathogenicity ratios in the dikar>^ophase are 
dependent on the arrangement of pathogenicity and mating type factors 
brought about by first and second division segregations. First division 

segregation for mating type gives + 4 or second 

division segregation gives 1 •, or — -i f- , or 1 - -j , 

or -| f- These are the only possible arrangements unless the dis- 

position of the meiotic products is disturbed by the “slipping past” of 
nuclei in the promycelium. Pathogenicity combinations depend on the 
relation of the segregation of pathogenicity factors to that of mating type 
factors. First division segregation for both mating type and pathogenicity 
results in a 4t0 ratio 


> Aa, Aa, Aa, Aa 

A A a a 

First division segregation for mating type and second division segre- 
gation for pathogenicity, or vice versa, is independent segregation and 
gives a 1 : 2 j 1 or, with dominance, a 3 : 1 ratio, e.g., 

li r "h ,! " — » AA, Aa, Aa, aa, or i l. AA, Aa, Aa, aa 

AaAa AAaa 

With second division segregation for both mating type and patho- 
genicity, the dipJophase pathogenicity ratios may be 4:0 or 1:2:1, 
depending on the arrangement of factors for pathogenicity in the 
promycelium: 

h . Aa, Aa, Aa, Aa, — — r— i- > Aa, Aa, Aa, Aa, 

AaAa aAaA 

4 I Aa, AA, aa, Aa; -i h . ~~ Aa, aa, AA, Aa 

AaaA aAAa 

The result is the same if the pathogenicity factors are held constant and 
the mating type factors arranged in the four possible ways. 

With two mating types, -f and — , but two pairs of alleles goveming 
pathogenicity, the pathogenicity ratios in the dikaryophase may become 
somewhat more complex. Ratios of 4:0, 1:2:1, and 1 : 1 : 1 : 1 become 
possible, as is shoAvn in the following listing in which the four second 
division and tivo first division mating type arrangements are matched 
witli three of the various possible gametic distributions of the patho- 
genicity factors. Assuming complete dominance, some 1:2:1 ratios 
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the haploid cultures thus obtained can be introduced into the host plant 
in sexually compatible combinations and so permit a study of the in- 
heritance of various characters in the dikaryophase of the smut. 

The basic investigations that contributed the knowledge necessary 
to the undertaking of genetic studies ej-tended over the period of about 
half a century from DeBary’s (1866) observation of fusion between 
sporidia to Knieps (1919) demonstration that cell fusion and nuclear 
association take place only in certain sporidial combinations. Historica 
reviews of these and intervening studies are given by Hanna ( 1929 ) an 
Fischer and Holton (1957). Kniep (1919) found that cell fusion and 
nuclear association take place only in certain sporidial combinations, le 
sporidia were of two mating types determined by segregation of sex 
factors during the germination of the teliospore. Since Kniep s discovery, 
his methods of study have been applied to many species of smuts. Bipo ar 
sexuality (two mating types) conditioned by a single pair of alleles as 
been found to prevail generally in the cereal smuts. Multipolar sexua ity 
conditioned by two or more pairs of alleles has been reported in sevjra 
smuts. Reviews of mating-type behavior in the smuts may be found in 
Ainsworth and Sampson (1950), Whitehouse (1951), and Fischer an 
Holton (1957). 

Probably most inheritance of smut characteristics is dependent on 
regular meiotic behavior in teliospore germination. Deviations from or 
dinary meiotic behavior have been reported in several smut species- 
Holton (1952) reported homothallism in the grass smut (Tilletia elytnt) 
and Slang (1954) recorded similar behavior in another smut of grasses, 
Tilletia cerebrina. In both instances the primary sporidia containedsev 
eral nuclei which had evidently migrated from the promycelium. These 
are probably to be regarded as cases of secondary homothallism, perhaps 
not a highly fixed condition, as Siang (1954) reports uninucleate spori la 
occasionally arising from his homothallic lines. 

The most extensively studied “homothallic” condition in the smuts is 
that of the well-known solopathogenic lines reported in XJstil(i§,o fficiy 
by Stakman and Christensen (1927) and further studied by Christensen 
(1929, 1931), Chilton (1943), Rowell and DeVay (1954), and others. 
These lines, usually originating from single sporidia, grow on 
media where they cannot be distinguished from haploid lines. Un i 
haploid lines, they singly cause infection and gall formation in the hos • 
The stability of the homothallic condition seems to vary considera y» 
some lines being rather highly fixed, others now and then giving rise to 
haploid lines (Chilton, 1943). The derivation of haploid lines of ordinary 
mating types from solopathogenic lines either by natural segregation 
processes or, as demonstrated by Rowell (1955), by somatic segregation 
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following alpha radiation, would suggest that Chilton (1943) is correct 
in his assumption that these lines are diploid due to failure of normal 
disjunction of chromosomes. 

3. Pathogenicity Ratios 

Combinations occur among the haploid elements of a single germi- 
nating teliospore, and the pathogenicity ratios in the dikarj'ophase are 
dependent on the arrangement of pathogenicity and mating type factors 
brought about by first and second division segregations. First division 

segregation for mating tj-pe gives +4 or second 

division segregation gives -j 1 ^,or j f-,or f- ^ 

or -1 j- These are the only possible arrangements unless the dis- 

position of the meiotic products is disturbed by the “slipping past” of 
nuclei in the promycelium. Pathogenicity combinations depend on the 
relation of the segregation of pathogenicity factors to that of mating type 
factors. First division segregation for both mating type and pathogenicity 
results in a 4:0 ratio 

^ 4 * ; 

A Aaa 

First division segregation for mating type and second division segre- 
gation for pathogenicity, or vice versa, is independent segregation and 
gives a 1:2:1 or, with dominance, a 3 : 1 ratio, e.g., 

4" 4’ — — ^ Aa, Aa, aa, or 4* 4~ ^ AA, Aa, Aa, aa 

AaAa AAaa 

With second division segregabon for both mating type and patho- 
genicity, the diplophase pathogenicity ratios may be 4:0 or 1:2*1 
depending on the arrangement of factors for pathogenicity in 
promycelium: 


+ - + - . Aa. Aa. Aa. Aa. 4- 4 :- Aa, Aa, Aa. Aa. 

AaAa aAaA ^ 

-I ^ ~ > Aa, AA, aa. Aa, 4* ""J 

AaaA aA> 


4 } — 

a A A a Aa, ; 


AaaA ’ aAAa“^^»aa,AA,Aa 

The result is the same if the pathogenicity factors are held constant 1 
the mating type factors arranged in the four possible ways. 

With two mating types. + and — , but two pairs of alleles eovn.... 


pathogrn^ci^^,"Se pathogenicity raUos to *<i'Jf“y';Phase'mafbe™”® 
somesvhat more complex. Hatios of 4 :0, 1.2. 1. and 1 ; j . j 
possible, as is shosvn in the following listing m which the four 4 
division and tivo first division matmg type anangements are 
ivith three of the various possible gam^etic distribution^ 
genicity factors Assuming complete dommance, some 
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would become 3:1 ratios. Ratios of 2:2, frequently reported in smut 
literature, may be derived from the 1 : 1 : 1 : 1 ratios on the assumption 
that the A and B loci aifect the same characters but in such a ^ 
three dominant genes, such as AABb, produce one effect and ree 
recessive genes, such as aaBb, another. 


AB AB ab ab 

AB in coupling (Ditype) 

1 + + 
+ 1 1 

1 + 1 
+ 1 + 

< AABB, AaBb, AaBb, aabb -1:2:1 

- + + - ; 
+ + -- 1 
-- + + i 

. AaBb, AaBb, AaBb, AaBb — 4:0 

Ab Ab aB aB 

AB in repulsion (Ditype) 

I + + 
+ 1 1 

1 + 1 
+ 1 + 

1 

> AAbb, AaBb, AaBb, aaBB -1:2:1 

1 

"b + ” ' 

+ + , 

1 

1 AaBb, AaBb, AaBb, AaBb — 4:0 


3 AB Ab aB ab First division segregation for A, second division for B 
(Tetratype) 


+ - + “ 
- + - + 

+ + 

“> + + - 

+ + 

+ + 


^ AABb, AaBb, AaBb, aaBb — 1:2:1 
AABb, AaBB, Aabb, aaBb - 1 : 1 : 1 : 1 
AABb, Aabb, AaBB, aaBb — 1 : 1 : 1 : 1 

t AaBB, AaBb, AaBb, Aabb — 1:2:1 


The order of the gametic genotypes in the promycelium, such as 
Ab, aB, ab, or AB, ab, Ab, aB, may affect ratios but, whatever the or 
the ratios produced will be one or another of the above. Phenotyp* 
ratios may, of course, be expected to show modifications resulting ro 
genic interaction, epistasis, etc. 

The above patterns of distribution may be seen in smut literature m 
analyses of segregations of mating type factors or of recombinations 
pathogenicity factors. Nicolaisen (1934), in a study of Ustilago aveno , 
found all sbe arrangements of mating t>pe factors in his analyses 
promycelia of 73 teliosporcs— first division reduction occurring 29 ^ 

and second division 44 times. Halishy (1956) records for 
species that seven of 22 germinating teliosporcs showed reduction in ^ 
first division and 15 in the second. In pathogenicity studies of ^ 

from these spores, Halisky obtained pathogcnicit)’ ratios of 4 : 0, 


420 


T. JOHNSON 


would become 3:1 ratios. Ratios of 2:2, frequently reported in smut 
literature, may be derived from the 1 : 1 : 1 : 1 ratios on the assumption 
that the A and B loci affect the same characters but in such a way that 
three dominant genes, such as AABb, produce one effect and three 
recessive genes, such as aaBb, another. 


1 . 


AB AB ab ab 


+ _ + _ 
- + - + 
+ - - + 
- + + - 

+ + 

+ + 


AB in coupling (Ditype) 


AABB, AaBb, AaBb, aabb -1:2:1 


AaBb, AaBb, AaBb, AaBb — 4:0 


2 . 


Ab Ab aB aB 



AB Ab aB ab 


AB m repulsion (Ditype) 


AAbb, AaBb, AaBb, aaBB — 1:2:1 


AaBb, AaBb, AaBb, AaBb — 4:0 

First division segregation for A, second division for 
(Tetratype) 


B 


i -I- 1 + j AABb, AaBb, AaBb, aaBb -1-2:1 

H h AABb, AaBB, Aabb, aaBb -1:1:1 1 

- + AABb, Aabb, AaBB, aaBb - 1 : 1 : 1 . 1 

^ i + I AaBB, AaBb, AaBb, Aabb -1.2:1 


The order of the gametic genotypes in the promycelium, such as AB, 
Ab, aB, ab, or AB, ab, Ab, aB, may affect ratios but, whatever the order, 
the ratios produced will be one or another of the above. Phenotypic 
ratios may, of course, be expected to show modifications resulting from 
genic interaction, epistasis, etc. 

The above patterns of distribution may be seen in smut literature m 
analyses of segregations of mating type factors or of recombinations of 
pathogenicity factors. Nicolaisen (1934), in a study of Usttlago avenae, 
found all six arrangements of mating type factors in his analyses of 
promycelia of 73 teliospores — first division reduction occurring 29 times 
and second division 44 times Halisky (1956) records for the same 
species that seven of 22 germinating teliospores showed reduction in tlic 
first division and 15 in the second. In pathogenicity studies of progenies 
from these spores, Halisky obtained pathogenicity ratios of 4 : 0, 3 : 1. 
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and 2:2. The same pathogenicity ratios appear in the selfing studies of 
Nicolaisen. 

Factors for mating type and cultural characteristics are the commonly 
cited examples of segregation in teliospore germination. However, some 
of the best examples of the inheritance of characteristics expressed in 
haploid lines are those showing the inheritance of factors for growth 
deficiencies induced by ultraviolet radiation (Perkins, 1949). Perkins 
studied the segregation obtained from single zygotes derived from crosses 
in which two or more loci were involved and recovered all possible 
combinations of mutant factors. For example, the cross Isoleucineless- 
Methionineless (I — A + M — ) X Adenineless-Methionmeless (I + A 
— M — ) produced, from a single teliospore, the parental combinations 
plus the two recombinants I + A -j- M — and I — A — M — , which ex- 
presses a 1 : 1 : 1 : 1 ratio. 

4. Concept of Hybridization 

Hybridization is a term which has been used in different senses by 
different individuals. Kniep regarded fusion of sporidia as a criterion of 
hybridization. This is using the term in its broadest sense. To obtain 
genetic information it is necessary not only that the sporidia fuse but also 
that the nuclei of the sporidia establish the binucleate, conjugate relation- 
ship; that they fuse in the teliospore with subsequent reduction divsion; 
and finally, that the products of reduction division, the sporidia of the 
Fj teliospore, unite to produce a new pathogenic generation. It is 
hybridization in this narrower sense that is of chief interest in this 
discussion. 

Fortunately, hybridization of this type is not entirely confined to 
intraspecific crosses. Interspecific, and occasionally intergeneric crosses, 
produce Fi teliospores which are sufficiently normal in their meiotic 
processes to permit a study of genetic phenomena in tlie F 2 generation. 
Interspecific crosses are of particular interest not only because they 
enable a study of the genetics of characters on wliich species are deter- 
mined but also because they throw light on the origination of moipho- 
logic and pathogenic characteristics that are important in tlie evolu- 
tionary process. 

5. Inheritance of Sorus Type 

Sora] characteristics are pathogenic properties and are important 
criteria for the distinction of species. Because these characters differ 
behveen species rather than within species, it is from interspecific rather 
than intraspeeffle crosses that information may be gained on their in- 
heritance Smut literature describes many crosses betivccn tlie loose 
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smut of oats, Usttlago avenae, and the covered smut, U kollen The 
loose smut type has generally been found to be dominant (Hanna an 
Popp. 1930, Holton, 1931, Cherewick, 1958) Holton’s finding (193-) 
that intraspecifle combmations m U avenae produced botll tlie loose 
and the covered types is not surpnsmg m view of tlie mterfertility of tlie 
species and the dominance of the loose smut type Intraspecific com 
bmations m U kollen produced only covered smut, the recessive char 
acter Dominance of tlie loose smut type of U avenae was shown not 
only m crosses with U kollen but also in crosses with the more distantly 
related U perennans (Fischer and Holton, 1941) 

One deviation from the normal, in loose smut, tliat has been studied 
genetically is tlie mdurate type of smutted panicle m which the spores 
are held m compact son despite tlie destruction of the glumes Holton 
(1941) crossed the normal, powdery type of smut with tlie indurate 
type The powdery sorus (P) was dommant to the indurate (p)» the 
heterozygote (Pp) bemg powdery Matuigs of the spondial Imes of five 
Fi tehospores showed two types of segregation — 4 0 and 3 1 In three 
of the spores there was independent segregation of factors for mating 
type and sorus type which resulted in a ratio of 3 powdery to 1 mdurate 
In two spores segregation of factors for mating type and sorus type oc 
curred m the same nuclear division and therefore, all the son were the 
powdery, 4 0 ratio 

Ustilago hordei the covered smut of bailey, crosses readily with V 
nigra (U medians), the false loose smut Allison (1937) crossed the two 
species and found the smutted head type in Fi to be mtermediate In Fz 
both parental types appeared as well as an intermediate type Bever 
(1945) obtained similar results It may be concluded that intermediate 
smut types do arise from hybndization natural or artificial, between 
these species 

Another group of smut species sufficiently closely related to permit 
crossing and genetic studies are the sorghum smuts, Sphacelotheca sorght, 
S cruenta and Sorosponum Teilianum (Sphacelotheca reihana) Roden 
hiser (1934) crossed the loose kernel smut S cruenta, with the covered 
kernel smut S sorghi and found the loose type dominant Segregating 
progeny contained both types and also intermediate types Vaheeduddin 
(1942) crossed S cruenta with the head smut of corn Sorosponum 
reilianum and reported that different monospondial combinations pro 
duced son differmg m shape and size Some resembled those of 5 
cruenta, some those of S reilianum, and still others resembled son of the 
long smut of sorghum, Toltjposponum filiferum The same three types 
reappeared m the Fj generation 

These few examples are sufficient to show that much hybridization 
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occurs between smuts which are genetically related altliough sufficiently 
distinctive m appearance to be classffied as septate species There is a 
strong tendency, especially in the cereal smuts, for the loose smut habit 
to be^dominant over the covered Some smuts of intermediate type may 

have o^nated as hybrids Although - T-^V^gMV'thrffie 

stantial evidence, particularly m the work of Ruttle (1934) that the 

false loose smut of barley, CJ mgrn, may have ^rtf 

between the loose smut, V nuda, and the covered smut, V horde, 

6 Hybridization m Relation to Pathogenicity 

In the smuts as m the rusts, the d.karyotic physiologic race is basic 
In the smuts “ „£ the physiologic race was 

h d studms on lonfcyded rusts, particularly Piiccmm granimis 
established in sm 1 g J indefinitely. 

In these rusts, “"7* respective of whether they were 

became the criteria of p i,.terozvgous In the smuts, m which no 
pathogemcally considered a physiologic race 

ulss itTs^le from Le generation to the nest for diose pathogenic 
characteristics with which *® fi”sl be determmed m the 

It was natural % dieir economic importance hut because 

cereal smuts, not , „„^ber of closely related but geneti 

tlie presence m nrowdes the cereal smuts with opportunities 

cally distinct host varieues P differences When physiologic 

to display any “^^^/^/tTbecame appreciated hybridization 
specialization m the cereal cereals com. and sor 

studies were quiAly be reviewed here, showed that 

ghum These studies, too infected with smut lines 

with rare evceptions ''“|P heterotlialhc, and Pvo mono 

of monosporidial origin Ti necessary to bring about 

sporidial lines of compatible mating typ 

infection nroduced by the germinating teliospore 

The fact tint the P , niedia was of great advantage to 

Will produce cultures on ar heterozycosity of on individual 

genetic studies The homozygosi^ rather than the mass culture of 
teliospore could be determined and ic. ^ 

a ph>siologic race, became tim nathogcnicity may be obtained 

^^formation on ‘''® ■"s^clT.n.cnpccifiLrossmg) and (2) 

from (1) hybridization bcPiec ^ t^^ (miraspccifie crossing) Tew 

h>bridi2ation between races cenetic anaKsis of Oieir results 

investigators have mhcnlancc of patiiogcmcih 

because of the complcMt> 
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a Interspecific versus Intraspecific Hybridization Studies on inter- 
specific hybridization have shown the existence of sterility barriers Their 
effectiveness varies greatly in different interspecific combinations Most 
evidence for interspecific stenhty comes from m vitro experiments fail 
ure of development of sporidia on promycelia of Fi tehospores, as 
observed by Holton (1932) for hybrids of Ustihgo avenae and U kolleri, 
and by Rodenhiser (1934) for hybnds of Sphacelotheca sorghi and S 
cruenta, low viability of the spondia produced as reported by Martin 
(1943) for hybrids between Sorosporium syntherismae and Sphacelotheca 
panici mihacei, and lysis of promycelia and spondia as in Fi hybrid 
spores of Ustilago hordei and U bullata (Fischer, 1951) However, some 
of these sterility barriers, such as lysis (Fischer, 1940, 1951), are func 
tional against saprophytic growth and not against pathogenicity Despite 
sterility barriers, hybridization can occur between species of smuts with 
a common host plant Effective and possibly complete sterility barriers 
may exist between speaes that lack a common host Allison (1937) 
found that the barley smuts Ustilago hordei and U nigra would hy 
bndize with the oat smuts U avenae and 17 koUeri and the wheat smut 
U tritici to the extent of sporidial fusions and the initiation of a dikaryo 
phase but not to the extent of the production of hybrid spores or even 
of smut myceha in the plants, Fischer (1953) obtained similar results in 
his attempts to hybridize the two above mentioned barley smuts with the 
grass smut U striiformis hordei 

Interspecific hybridization is potentially an important source of new 
pathogenic types of smut, but no generalization concerning the patho 
genic characteristics® of species hybrids is possible In the Fi dikaryo 
phyte various degrees of mtermediacy are commonly expressed In 
crosses between Sphacelotheca sorghi and S cruenta Rodenhiser (1934) 
found that on varieties of sorghum resistant to one species and susceptible 
to the other, most of the mterspecific hybrids were intermediate m in 
fectivity, but the same held true for intraspecific hybrids On tlie variety 
Reed kafir, which was attacked by both parent species, he found tiie 
mterspecific combinations less infective than the parent lines, whereas 
intraspecific combinations of lines of S sorghi were more infective than 
parent lines 

In crosses between U hordei and U nigra, Bever (1945) found tliat 
17 hordei race 6, which did not attack the varieties Nepal and Himalaya, 
uhen crossed with U nigra race 6, which attacked them moderately, 
produced an Fj hybrid which attacked both varieties lightly 

Ahhoiigh soral characteristics are one means of measuring pathogcnicit>, tho 
usual means, and the one here under consideration, is infcclivity generally ex- 
pressed as the pcrccnlago of inoculated plants showing infection 
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Although various degrees of mtermediacy are probably the most 
common patliogenic traits of Fi species hybrids, complete dominance of 
one specific trait over another does occur (Allison, 1937) The mability 
of U hordei to attack Peatland was dominant m Fi over ie ability of U 
mgra to attack that variety 

Infectivity of Fa and later generations of crosses is inherited in- 
dependently of such other traits as soral characters, spore wall markings, 
and teliospore color The various infectivity characteristics of one species 
may be combmed m many ways with those of another to produce a new 
dikaryophyte pathogenically different from tliose lines of the parent 
species that entered mto tlie cross Since this conclusion applies equally 
to mtraspecific crosses, there seems to be no difference in principle 
between mter- and mtraspecific hybridization apart from the existence 
m the former of various degrees of mtersterility and the production 
through interspecific crosses of soral and gross morphological characters 
that would not be expected from mtraspecific crosses For the examma 
tion of the genetics of infectivity, the two types of hybridization may, 
therefore, be considered together 

b Genettcs of the Inheritance of Pathogenicity A few representative 
studies will be examined briefly to illustrate the infectivity of parent 
Imes and their hybrid progeny and, where possible, to mterpret patho- 
genic behavior genetically. 

The oat smuts, Ustilago avenae and U koUert, have been studied at 
least as thoroughly as any other smuts The work of Nicolaisen (1934) 
provides a valid example of the mheritance of infectivity m selfing and 
crossing studies He performed matings among spondia! Imes of smgle 
teliospores (here referred to as selfing) and matings among sporidial 
lines of two teliospores (referred to as crosses) He concluded (1) that 
most teliospores are heterozygous for degree of pathogenicity on one or 
other of the test hosts, (2) that pathogenicity is dommant on the variety 
Gopher but recessive on von Lochow Pathogenicity was dommant m 
some cases and recessive in others on the variety Lischower Thus col 
lections of U avenae are populations of biotypes of different virulence, 
and the proportion of virulent types differs m different populations 

The tabulation, taken from Holton (1936), shows how readily the 
range of pathogenicity on smuts may be broadened by crossmg two Imes 
of smut of restricted pathogenicity (See next page ) 

Some of the hybrid recombinants were pathogenic to both Gothland 
and Monarch Smut was selected from Gothland m F2, and the selective 
effect on genotypes virulent to that vanety is apparent in the high per- 
centage of mfection in F3 A probable genetic explanation of the ex- 
panded range of infectivity is that one pair of alleles governs infectivity 
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on Gothland, another on Monarch; heterozygotes would have some 
virulence on both varieties. 

Holton (1941) made ingenious use of his buff smut, which had arisen 
by mutation in U. kolleri, to study the inheritance of pathogenicity. He 
obtained hybrid teliospores by inoculating susceptible oats with paired 
monosporidial cultures of the buff smut and U. avenae. The Fi telio- 
spores were used to inoculate differential varieties on which F2 telio- 
spores were produced. Since buff color is a recessive character, buff 
F2 segregates were homozygous for color. He could, tlierefore, obtain 
new buff races by selecting buff spores from host varieties immune from 
the buff parent but susceptible to tlie (7. avenae or U. kolleri parents. In 


Pebcentace of Infection 



Parents 


F. 

Fa* 


U. kollert 

t7. avenae 


Gothland 

00 

100 0 

22 0 

92 0 

Monarch 

99 0 

0.0 

210 

45 0 


“Fj selected from Gothland 


this way five buff races were produced. This was possible because 
factors for spore color and pathogenicity were inherited independently 
Of these races buff hybrid race 5 combined the most virulent character- 
istics of the two parent races employed in the cross from which it arose. 
Interestingly, buff hybrid race 6 was virulent to Red Rustproof C I- 
1355, which was not attacked by either of the parent lines. 

One of the few attempts to analyze factorially the inheritance of 
pathogenicity is that of HaUsky (1956), who crossed races 5 and 6, 5 and 
7, and 6 and 7 of Ustilago avenae and studied infectivity in the Fi, F-, 
and F3 generations on the differential hosts. Each cross was made by 
mating the eight sporidial lines from two teliospores (one of each race) 
m their eight compatible combinations, so that eight Fi hybrids were 
obtained from the two teliospores. 

The most clear-cut inheritance was that expressed on the variety 
Camas. Race 5 (avirulent) Xrace 6 (avirulent) gave avirulence in Fi 
and in F2. TIius, tliese two races were genotypically identical for infec- 
tion characteristics on this host. 

In tlie cross race 5 (avirulent on Camas) X race 7 (virulent) the 
Fi was almost avirulent, i.e., pathogenicity was almost suppressed, in- 
dicating near-complete dominance of avirulence. Tlie F2 from three of 
tlie Fi spores analyzed showed a 3 ; 1 avirulent : virulent ratio, mdicating 
monogenic inheritance. The Fj from three otlier spores showed a 4 : 0 
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avirulent reaction Although Hahsky has a different 
virulence is evidently recessive The Fi genotype can be designated Cc. 
C be“g derived from the avirnlent ra«i 5 and o from the v^ent race 
7 Searegation m F, is either ICC 2Cc, Ice (givmg a 3 1 ratio) or Cc 
Cc^ L ^Cc (giving a 4 0 ratio) Twelve cultures, derived froni three 
F spores were studied m F, It is worth noting that in all the hetero 
b, marked mcrease m pathogenicity m F, 

zygous (Cc) 1'"“ the % Cc genotypes would 

TaretrgSrr^td valu^vh^e:. the % ce genotypes would en,oy 
^^gh sefective advantage There was obviously a rigorous selection 

against the CC genotypes Camas) X race 7 (virulent), there 

In the cross race 6 J). m F. The F, 

was complete ^ of avinllLce to virulence, agam mdicat 

generation showed a 3 1"“ ,^, 0 ^ derived from four F, spores 

mg monogenic to those mentioned above for the 

were studied m F.w^resul 

cross, race 5 X race /, except ^-^nnimced The same rigorous 

derived from ^fcC^TnoWe 'v« sLwn by the fact that four cul 
selection against the CC S«" W on Camas 

tures from that genotype P" ^ ly mhented quite mdepend 
On the varie^ *e mheritance is similar mono 

ently of that on Camas but, m p P ^ ^ q ratios m Fj 

genio with pathogenicity d m pathogenicity through the 

In F. a very marked mcrease ” g<)us culhires of the eross 

selfing of heterozygous . uon was^bout 7S m F. but rose to 

race 5 X race 6, the average .elective effect on the more virulent 

about 23% m F,. an mdication of the selective 

homozygous recessive types nathoEcnicity m the smuts would 

Any account of the to hytadizaTion m Wto canes 

be deficient without some re these species were hetero 

and T foenda Flor (1932) f “"f ."tags Lhm T cuncs that 
thalhc and Becker (1936) conclu ^^.^gdiate Most of the evidence 

Virulence might be either of Holton, who studied inter 

available however comes trom me ^ Although his 

specific and mtraspecific ” r j,on on the pathogenic character 

experiments have yielded muc jjyhnd combinations genetic inter 

istics of the parent strams and tne^ y ^ (^ 942 ) reports on 

pretation is largely a matter ^ and T foetida, and 27 

studies of 50 hybrids 23 from species 

from mterracial combinations wi ^ foetida and T canes m the 

Typrcal results of tour jrhybr'ds ore shorvn m Table I 

Fj and later generations of interspetm 
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Despite the fact that the same sporidial line of T. joetida was used in all 
four crosses there are at least three different pathogenic types present 
Hybrid No. 35 resembles closely the T. foetida parent race. Hybrid No 

Table I 

Pathogenicity of Intebspecies Hybrids between 
Tilkita levts {T. foeltda) and T. tnirci (T. canes)<^ 

Hybnd IrS X T-9 


Parent Inoculum 


or 

hybnd 

no. 

Pedigree 

Source 

Genera- 

tion 

Oro 

(%) 

Hohen- 

heimcr 

(%) 

L-8 

T foetida 

Oro 


85 

0 

T-9 

T canes 

Hohenhejmer 


0 

30 



Hard Federation 

Fi 

12 

0 



Oro 

F, 

70 

0 

35 

L 66-1 X T 157-1» 

Oro 

F, 

84 

0 



Oro 

F, 

77 

0 



Oro 

F» 

85 

0 



Hard Federation 

F, 

3 

1 



Oro 

F, 

1 

0 

38 

L 56-1 X T 157-4 

Hybnd 128 

Fi 

1 

0 



Hybrid 128 

F* 

1 

0 



1 Hybrid 128 

Fe 

1 

0 



’ Hard Federation 

F, 

33 

21 



Oro 

r. 

30 

27 



Hobenhcimcr 

F. 

27 

33 



Oro 

F« 

24 

22 

39 

L 50-1 X T 157-5 

llohenbcinier 

Fi 

23 

32 



Oro 

F* 

28 

26 



llobcnhcimer 

F» 

30 

35 



Oro 

F, 

84 

20 



( llobcnheimer 

Fe 

72 

08 



[ Hard Federation 

F, 

10 

0 



1 Oro 

F, 

1 

4 

40 

L 56-1 X 157-S 

{ lljbrid 123 

F. 

7 

0 



Iljbnd 128 

F. 

9 

2 



1 Iljbnd 128 

F, 

64 

5 


• Prom Iloltoo, 1942. 

* T. laii parent, tclioejwrc 56, !»)>oruUuni 1, crossed T. Inlici parent, teliospor® 
157, Eporidium 1. 


33 differs from botli parents, whereas hybrid No. 39 combines the 
patliogcnicity of both. From Fj to Fa hybrid No. 40 resembled hybrid 
No. 33, but in Fa tlicre is evidence for tlic selection of a type resembling 
hybrid No. 35. Smee tlic genic contribution of spore L56 to all four 
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crosses should have been tire same, il seems obvious *at any mihal 
genetic differences m die F. hybrids were due to spore T157 Superim- 
posed on these differences, however, are the important sdecUve effects 
m later generations In cross 35 selection on the variety Oro raised the 

Table II 

P.THOOiiMClTr or Mroatrito (T mriri)* 


hybrid 


Pedigree 


Inoculum 


Smut m 


Hussar* 
Hohen- X 

Genera- Albit }jgjQj0r Hohen- 
tion (%) heimer 

(%) 


T-8 

T9 


60 T 60-1 X T 157-2» 


Albit 

Hohenheimer 

Hindi 

Hussar X Hohenheimer 
Hussar X Hohenheimer 
Hussar X Hohenheimer 
Hohenheimer 
Hohenheimer 
Hohenheimer 

Hybrid 128 
Albit 


89 

0 

12 


19 

20 

13 

13 

83 


0 

30 
28 
37 
35 
74 
37 

31 
62 

0 

0 


16 

29 

4 

1 

2 

0 

0 

3 



Hindi 

Hussar X Hohenheimer 

F, 

Fi 

a 

27 

50 

6 

18 

52 T 60-1 X T 157-4 ' 

Hussar X Hohenheimer 

Fi 

1? 

71 

77 

36 


1 Hussar X Hohenheuner 

p, 

3 

1 

0 


I Hindi 

F* 

1 

0 

0 


1 Hybrid 128 

F» 


1 

0 

53 T 60-1 X T 157-6 

1 Hybrid 128 

1 Hvbnd 128 

F, 

1 

1 

0 


“ From Holton, 1942 
<> T-8 parent, teliospoi^ 
sporidum 2 , . .mmune from race 9 

•Hussar IS susceptible to race 8 bat .mm 

, 1 01 m F, to 83* in F. Similarly, m cross 39. 

percentage °£ had raised the mfectivity on both 
selection on Oro and xlo 

varieties to high level m Fs ^ g „rics (TaJ’j’- U) 

In the three crosses beWoen 

the combined virulence of the F virulent cliaracter- 

heimer is evidenced by crosses * ^ ^ Transgressive segrega- 

istics of both parents appear co 
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tion occurs m the first two crosses with respect to the variety Hussar X 
Hohenheimer, which is moderately attacked by much of the progeny, 
although It IS attacked by neither parent race The effect of host selection 
of virulent genotypes is clear especially with respect to Hussar X Hohen 
heimer Selection on tins host raised the percentage of mfection m cross 
50 from 3® m Fi to 29% m F4 and m cross 52 from 3% m Fi to 36% in F4 
Neither race 8 of T foettda (Table I) nor race 8 of T caries (Table 
II) has any pathogenicity on Hohenheimer Clearly, m the above crosses 
pathogenicity to Hohenheimer was derived from T caries race 9, an , 
in fact, from the same teliospore of it, teliospore 157 Three of tlie mono 
sporidial Imes from this spore were used m the mterspecific and the intra- 
specific crosses If a given sporidial line contributed pathogenicity ^ 
one cross it would be expected to do so m another, but this was not t e 
case In each instance m which a sporidial line was used m an 
specific and an mtraspecific cross the results were different Sporidia 
Imes 1 and 4 contributed pathogenicity only in the mtraspecific crosses, 
sporidial line 5, only m the mterspecific cross Each Fi heterozygote 
derived from a cross with spore 157 should have contamed the gene or 
genes for virulence on Hohenheimer If this were so, the presence m 
subsequent generations of the virulence genes m some crosses and their 
absence in other crosses must be due to selection If the Fi teliospores 
of a cross should give rise to only a few mfections, the genotypic com 
position of the Fj generation would be limited to a few or perhaps only 
a single chance genotype Possibly the absence of virulence to Hohen 
heimer m crosses where virulence is expected may be a consequence or 
such selection 


In explammg the transgressive segregation on the variety Hussar X 
Hohenheimer, which is immune from both parent races (races 8 and 9 
of T caries) but susceptible to some of the progeny of crosses 50 and 52 
(Table II), it is necessary to state that Hussar is susceptible to race 8 
but immune from race 9 The Fj, therefore, contains factors for patho- 
genicity to both Hussar and Hohenheimer Selection on Hussar X Hohen 


heimer from Fj onward in crosses 50 and 52 would tend to build up nn 


increasing concentration of those genotypes contammg virulence factors 
for Hussar, derived from the race 8 parent, and virulence factors for 
Hohenheimer derived from the race 9 parent 

The importance of selection pressure, so evident m the examples 
)ust cited, can scarcely be overemphasized m the smuts, which pass 
through a sexual cycle in each spore generation Holton (1947) has 
emphasized tlie importance of vanelal reaction in the origination of races 
of various degrees of virulence and has stated that highly susceptible 
varieties, such as Hybrid 128, promote the establishment of wheat bunt 
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segregates of low virulence, whereas highly resistant varieties promote 
the iLrease of virulent races Stated differently, one might say that 
generaUy susceptible varieties tend to maintain a smut population in 
Inuihbrmm in conformity with the Hardy-VVemberg law, whereas highly 
resistant varieties exercise a selecUon pressure agamst genot^es. except 
rose compatible with their parhcular resistance genes In practical 
research work, such as the identificaUon of physiologic races, varieties 
with various types of reaction are assembled to form differential hos 
assortments o/mhich mass collections from the field are often mam- 

rdTn ration 

varieties of given yp ^ collection had been 

(19S8) however, as several generations, and had reached 

selected from successi rl.fFprential hosts it was still possible 

the appearance of constancy on all that previously 

to obtain sporidial of selection procedure, although it 

had been highly resistant ^ he expected to bring about 

increases “mny loci governing pathSemcty To approach 

It la neceU to use lines selected from individual 

tehospores , ^„]oyed in many genetic studies 

Mass selection. . studies lUs important to realize that 

In mterpreting the resu Us °f * J jhe greater is tlie role play^ by 
the smaller the population Ffpopulation should aris^rom 

chance in selection If. tor ^hat most of the genotypes that 

a very few infections, the chan genera 

could ac.se (sops «ou1d dicn gi"= “ fa'sc smpsossion ol 

B The Rusts 


1 Physiologic Spec,al,zct,cn fundamental to studies 

The discovery of ^ showed that stem rust, Ptic- 

on pathogenic variability « ^ composed of several patho- 

cmirt grammis, on cereals an ^ j„,cr, bed as specialized forms ('/ornia^ 

genically distmct strams parasitically adapted to particular 

speciaJes) Each specialize 'friticum and Hordcum, f sp 

host plants f sp '"<■« to sp«r“^l^ Stakman and h.s collaborators 

avenae to Avena species, ^ igiTb Levme and Stakman, 19 ) 

(Stakman and Piemcisel. 191 . he further subdivided into 

showed that Eriksson s f sp un,ts (ph^slologlc races) by tlic us 
more narrowly defined pathogenic units tP 
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of wheat varieties as differential hosts That the physiologic races, 
idenhfied on standard differential host assortments, may be farther 
subdivided by tlie use of additional hosts has been demonstrated by 
numerous investigators Nevertheless, a physiologic race has, on each 
differential host, pathogenic characteristics that are well defined and 
relatively constant under conditions optimum for the host parasite com 
plex and, consequently, its pathogenic characteristics may serve as 
‘characters of the race in genetic studies 

2 Sexual Phenomena 

The discovery by Craigie (1927) of the function of the pycnia of the 
rusts opened the way to hybridization studies Each of the four sporidia 
(basidiospores) produced on the promycehum of a germmatmg teho- 
spore was capable of mfection and thereafter of producing pycnia In 
each mfection the pycniospores present in the exudate of the pycnia are 
genetical though not morphological, replicas of the spondiura that pro 
duced the mfection Smce the pycniospores fall into the two groups of 
mating types which Craigie described as ( + ) and ( — ) . it could be 
inferred tliat two of the four sporidia on a promycehum were of ( + ) 
matmg type and two of ( — ) Smce a transfer of pycniospores from ( + ) 
pycnia to ( — ) pycnia or vice versa is necessary to bring about the 
formation of the dikaryotic aeciospores, it is apparent that this operation 
is analogous to the matmg of two compatible monospondial mycelia m 
the smuts 

In long cycled rusts the nuclear association mitiated in the aeciospore 
persists tlirough the uredial stage and is terminated only by fusion of the 
associated nuclei m the mature teliospore As far as is known meiotic 
behavior m tlie germinating tehospore is essentially the same as m the 
teliospore of the smuts 

In experimental work a uredial culture may be propagated m 
definitely by successive inoculations of susceptible hosts, and, if it differs 
patliogenically from other known cultures, it may be properly regarded 
as a distinct physiologic race whether it is homozygous or heterozygous 

Tlic implication of Craigie’s discovery in regard to hybridization 
studies uas obvious It made possible the ‘crossing” of physiologic races, 
that IS, the production of new dikaryotic clones, by bringing a haploid 
nucleus of one race into association with a haploid nucleus of another, 
and the "sclfing” of races, which is merely the rcasociation of the pro- 
ducts of mciosis of a particular race Both processes have been applied 
in several rusts, but actual genetic studies have been carired out chiefly 
m stem rust, Puccmla grammls, and m flax rust, Mclampsora Uni 
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3 Puccinia gramims 

Three different lines of invesbgaUon were suggested by paigies 
discovery (1) Pure cultures of physiologic races could be selfed by mter 
™ &e eidate of pycma of the same race (2) l^e races wrt^ a 
specialized form could be crossed with one mother (3) Crosses could be 
liphvpen a race of one specialized form and a race of another 
a V Selfing of Fhyswlogta Races Waterhonse (1929) selfed field 
cultures of wheat stem rust presumed, on circumstantial evidence, to be 
race 34 The progeny was composed of races 34, 11, and 56 Newton e a 
(1930a) selfed eight wheat stem rust races and found only one of these 
to be Lmozygous for all the pathogenic characters expressed on the 
Lwe ddfermtial hosts used for race identification Of 
races all were heterozygous for pathogenicity on one or more of the 
, , j wfl<* heterozygous also for urediospore color 

differential of forty hvo cultures of wheat 

Johnson pwmlogie races Of the forty hvo cul 

™lZrZe appeared ‘0 be homozygous for all pathogenic 
tures selfed only n PP im^s studied tlie paUiogenio prop 

characters observed 1“ aU 

erhes expressed on a S‘ varieties Kanred and Reliance 

accordmg to die same prm p i and Vernal (T dtcoccum) 

(Taucum outgare) Einhorn a recessive one On die 

avirulence was a dommant ^ Spelmar, virulence was a domi 

durum wheats f»;“f;,,''J“trch“attcrThes'e studies made it clear 
nant and avirulence a re prediction of the pathogenicity 

diat the phenotype of a r ^ <j,aractcristics are expressed on 

of die progeny only , characters are expressed there is no 

the differential hosts, d d ^ heterozygous or homozygous 

way of predicting whether 

condmon , ^ Specialized Form In crosses be 

b The Crossing of Koocs " Newton. 1940a) die con- 

tween races of wheat stem jeccssivencss of padiogcnic characters 
elusions about dominance studies, ic, avirulence dominant on 

were die same as m die se 8 ^ ^ durum wheats. AmautU. 

Kanred and Verna! virulence dommant 

Mindum, and Spclmiu ucncraUons of certain crosses led to 

Race analysis in the races were x.rulent on a gwen 

die following conclusions It oou 1 virulent TIio parent races 

host, die progeny as a venerations along with numerous other 

generally recurred in sogrt-^ recombinations of those pathogenic traits 
nccs which were the resu « ^ i pjUiogcnic trait (mfecUon t>i>c, 
b> wlucli die parent races diUcrca i 
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such as necrotic flecks, type 1. 2. or 4 infection) would be suppressed m 
Fi only to reappear unchanged in several different races in hi. u e 
mediacy. tliat is, the blending of traits, was relatively uncommon 
Apparently the distinctive phenotypic traits, the infection types, mus 
be represented in the rust by genetic factors, and inheritance was chiefly 
Mendelian, often suggestive of simple mlieritance of the characters that 
separated the parent races. The study of the inheritance of abnormal 
urediospore color, in certam crosses, showed that spore pigmentation was 
inherited independently of pathogenicity. 


Table III 

Infection Ttpls of Puccima gramtnts f. sp trilici , Races 9 and 36 on the 
Wheats ICanbed, Mindom, and Vernal and the Recombinations Obtained 
IN THE First and Second Generations 
or A Cross between the Two Race s* 

Wheat variety 

Guneratiou Race ' ’ , 

Kanrcd Mindum Vernal 


Parents 9 0 4 

36 4 1 


First generation (Fi) 17 0 4 

1 0 1 

9 0 4 

II 4 4 


Second generation (Fj) 15 4 

17 0 

36 4 

52 4 

67 0 


4 4 
4 0 
1 0 
1 4 
1 4 


• 0 “ No rust jirodiiccd (host immune) 

1 “ Minute nist pustules surrounded by small, round, necrotic areas (hos 
TLSbitant) 

4 = I.,argc rust pustules without necrotic areas (host susceptible). 

The mechanism of inheritance which appears to operate in such 
crosses can best be gallicrcd from a specific example. Tlie parent races 
of the cross, race 9 X race 36, differed by contrasting infection types on 
tlic host varieties Kanrcd, Mindum, and Vernal, as shown in Table HI, 
which shows also the infection types of tlic Fi hybrid race 17 and of tlic 
races isolated m the Fj population. 

Table III shows that infection tjTjcs of the parent races reappeared 
in F- in the various possible combinations. Because the infection types 
dominant in F, on Kanrcd and Mmdum rcappc.ircd in F2 about three 
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times as frequently as Uiose that were recessive, the pathogenicity of the 
rust on these varieties was considered to be governed by one P™ of 
alleles Since the dominant infection types on Vernal occurred about 
times as frequently as the recessive, two pairs of alleles were assumed 
to be operative On these assumptions it was possible to explam tlie 
distabuL of physiologic races in F. (Table IV) The F. heterozygote 
race 17 m which the dominant factors could be present m either 4e 
homozygous or heterozygous state, occurred most frequently m F. 
vh”reTs race 52. which expressed all the recessive characters, appeared 
Toast frequently, as would be expected In the heterozygous races a 
1 TMiaVif- hp rebresented by several genotypes 

®Tl*ougriese studies showed that mheritance of Pnthogenieily is 

larg^Mfudehan. they — " T^irri^es mt to 

genic characteristics express (receptor) parent race used 

resemble very closely those of the mat^^aU^ Lsses of a race 

in the cross This P Marquis with a race producing type 4 

producing type 2 infection reciprocally, the Fi hybrids 

infection When such ““g^iprocal cross differed strikingly m 

derived from showing an infection type resembling 

infection type on Mar<l“ (Newton et al, 1930b. Johnson et al, 

that of the maternal parent ( phenomenon was 

1934) In crosses between oat stem rust r«ej to ^ 

observed on the varieties Joa pycniospores of the donor race 

1940b) A PO^^'ble exptoa' 0 ^ 

which bring one nucleus hypothesis gams some sup 

degree in all 'Viduals m to F genera 

c Crosses betioeen specialized forms of Puccnur 

that It IS possible to cross patliogemcally dif 

grammts and that such ““ j„st strains derived from crosses 

ferent from the parent rust ^ tritici (wheat stem rust) 

between f sp than the frifici parent race and much 

were less virulent to wheat secalis parent race Johnson et al 

less virulent to rye varie les same two specialized forms were 

(1932) found that hybrids bctive^he 

low m virulence on most 'v bailey and Levine et al (IBM) 

parent rusts m their ability Imiited to barley m their 

reported hybrids even more narrow y 

pathogenicity , , l^tj of reduction of virulence a 

Johnson (1949) consid=«d^“^^„ stem 

common characteristic 
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rust In crosses between £ sp tritici and f sp avemc, however. Johnson 
and Newton (1933) found that the hybrids combined to some degree 
the pathogenic powers of the parents, resembling oat ^em rust in 
moderate abihty to attack oats and wheat stem rust m slight ability to 
attack certain wheat varieties and barley Combination in a hybrid o 
the full pathogenic abilities of both parent 

may occur occasionally as shown by Levine and Cotter (1931) who 
described a secahs X trtUci hybrid rust capable of attacking both wheat 
and rve rather severely as well as barley 

Diminished virulence associated with extension of ^ 

occurs m many hybrids between specialized forms is probably attri 
Sle to the fact that the hybrid receives half o its nuclear material 
r 1 V frrT-m reduccd vifulence of most hybrids is an 

bT tt fhTeftabrhm^t to uTt^e of rusts of hybrid origin but it is 
nofthe only obstacle Johnson (1949) has shown that there is consider 
able intersterihty between some of the specialized form 

4 Melampsora Imi , , xi. » 

The hyb^tdization woih m ~ 

organism contamed varieties were considered merely as sub 

behavior In this work ^ obviously a race host mter 

strates for the rust races although there was^^ present m the rust races 

action which that hort resistance to rust was 

Since many loeical to assume that tliere should 

conditioned genetm fa resistance and rust genes for 

be a p^a refationship however could not be slioivn 

virulence or avirulence Su tiuough crosses on the one hand 

unless parallel studies were camrf out tm^ g^^ 

between resistant and suscep -phrough his studies of this inter 

tween virulent and resistance and rust factors for 

relationship be^een h „P„etics to its highest level of scientific 

virulence Flor has brought rust geneii 

mterest and practical use “s earlier investigations Henry (1930) 

Basic to Flors j ^as dommant to susceptibility and was 

showed that immunity to Bax ru Ottawa 770B and Bombay and 

conditioned by a single ® Mvers (1937) reported the presence 

by t%vo pairs m Argentine Seieco j conditioning rust reaction 

m flax varieties of ^vo a alleles was based pnncipally 

The postulation by Myers ot Ottawa 770B and Newland both of 
on the fact tliat crosses 'Xhens with which he worked 

which were immune (gj immune susceptible m Fj thereby 

produced progeny which s g g 



438 


T JOHNSON 


necessitating the assumption of two sets of alleles LL for 
and MM for Newland In his thirty seven crosses mvolvmg seventee 
strains and varieties of flax, he found that immunity was dominant to 
near immunity, resistance, and suscepUbdity, and resistance was dom 
mant to semiresistance and susceptibility 

The nature of the segregation m several of the crosses made it neces 
sary to assume that allelic series existed at the L and M loci The factors 
postulated to explam the segregaUons m the various crosses were LL 
and MM, duplicate factors conditioning immunity, 1" and m” conditum 
mg near immunity, i" being allelic to L and m” to M, I' and W condi 
tioning resistance, I' bemg allelic to L and I", and m' alleic to M an m 
In the varieties studied the genotype for Ottawa 770B was LL 
Newland ll MM, C I 438 LL m ' and C I 416 3 ll m" m”, and C 1 


712 Z’’ V mm 

Flor (1935) selected a group of differential host varieties by means 
of which he was able to identify fourteen physiologic races Five years 
later (Flor, 1940) the number of races had risen to twenty four In this 
latter paper he stated the desirability of investigating the mheritance o 
the factors governing different degrees of pathogenicity^in the nis 
organism as well as those govemmg immunity m the host 

a Hybridizing and Selfing of Physiologic Races Flor (1942) selfed 
SIX physiologic races, of which three were homozygous for pathogenicity 
expressed on his differential hosts and he studied the mheritance o 
pathogenicity in the Fi generation of crosses between races 9 and 1 » 
6 and 22 and 22 and 24, and m the Fi and F 2 generations of crosses 
between races 6 and 24 In these crosses avirulence was dommant T e 


Fi generation therefore tended to display the weaker pathogenic traits 
of the parent races In F the virulent, recessive characteristics reap 
peared On tNvo varieties, Akmolinsk and Bombay, the inheritance 0 
pathogenicity was monogenic, but on the variety Buda it was con 1 
tioned by two genes Vanetal crosses had shown that Akmolinsk an 
Bombay each possessed one gene for host reaction, whereas Buda pos 
scssed two such genes These facts suggested a gene for gene relationship 


between rust genes for virulence and host genes for resistance 

b Host Parasite Interaction The methods used by Flor xn his sub 
sequent work were designed to make it possible to confirm or disprove 
tlio hypothesis of a rust gene host gene relationship, and these methods 
arc, therefore, of importance to an understanding of his work 

These methods involved parallel studies of crosses between hosts 
th It differed m genes govemmg host reaction and of crosses between rust 
races that differed m genes governing rust reaction (genes for virulence 


and avirulence) 
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In the crosses between the host varieties (Flor, 1947) it was possible 
bv a ludicious selection of test races to divide the F, population into 
classes each of which contained plants with the same host genes In this 
connection a procedure of fundamental importance was the testing sue 
cessively of the reaction of the same plant to several races A plant which 
was resistant only to the first, third, and fifth race m this sequence 
obviously was geLally different from a plant which was resistant only 
to the first. secLd. and fourth race m the sequence The ratios of resist- 
ant to susceptible F, plants to a race not attacking the resistant parent 
prOTided an mdication of the number of host genes operative agamst 

*^In Ae crosses between races (Flor. 1946). a race avirulent to a given 
in tne uos virulent race The ratio of avirulent virulent 

^cidtures'^is of course, indicative of the genic differences between the 
^o races bui on the assumption of a rust gene for host gene relationship 
r X will also indicate the number of host genes conditioning re ist 
ance t the avtrulent race-a 3 1 ratio mdicatmg one gene. IS 1. two 

genes, etc v,»hveen host varieties and crosses between 

In these studies cro s s host 

rust races were essential to the as pomled out by Flor {1950a). 

of host-parasite mteractio ’ ara«te can be identified only by 

•the genes P'^^^'feties of the host Conversely, the genes for 
the reaction of only by selective pathogenicity 

rust reaction m the host can be lOentmeu o y r 

of races of the parasite ^ shown 

The complementary mteractmn^o^h^^^^^^^^^ 

ui Table V. from which t interactions pro 

gathered It will be are represented by dominant 

duce ^*1 bility when the mst is represented by Us 

genes, but vLcral rule to which the only exception is the 

recessive gene This is S On this variety virulence is 

rust gene effective on wi 

dommant „.rfpnce of the L and M allelic series 

a 937 and added a third. N senes In a smdy of 
postulated by Myers (ly'iU reaction of 20 flax varieties he was 

host genes that condition t e o the L 7 m the M, and 6 in the N 
able to identify 21 distinct 8®”® , ^ senes, indicated that the 

series Crossing over, groups of linked alleles on the 

N genes were distributed e % (1955) retained the symbol N 

chromosome bearing the 2V conditioning gene m Bombay and 

for those genes allelic o ^ ,ar,as Apart from Uicsc 

assigned the symbol P to g 
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four senes there is evidence for an independently inherited gene K, 
present m the variety Clay Since the genes in the rust organism can 

Iablb V 

COMPLEMENTAET INTERACTION OP HoST GeNES AND RUST GeNES“ 
Segregation of Fi Plants of Ottawa 770B X Bombay for reaction to 

Races 22 and 24 of Flax Rust 




Reaction* 

and genotype of 




Parent varieties 


Fa plants 


Race and pathogenic genotype - 

Ottawa 

770B 

LLnn 

Bombay 

UNW 

LN 

Lnn 

UN linn 

Race 22 

S 

I 

I 

S 

I 

S 

Race 24 Ai,Aia}/aN 

I 

S 

I 




Number of plants observed 



no 

32 

43 

9 

Number of plants expected (9 3 3 1) 



109 

36 



X* - 2 563 P - 0 30 to 0 50 







*I “ immune S - susceptible 







Segregation of Fi Cultures of Race 22 X Race 24 of Flax Rust for Reaction 


to Ottawa 770B and Bombay 






Reaction* of variety to 


Parent race Fj genotype 

Variety and reaction genotype — ^ — — 

22 24 

aiai,ANAN iLAtONaN iLAfrai,Aif Alon ai.au 


Ottawa 770B LLnn S I I S I S 

Bombay HiVY I S I I S S 

Number of cultures obscr>ed 78 27 23 5 

Numberof cultures expected (9 3 3 1) 75 25 25 8 

X* = 1 565 P = 0 50 to 0 70 

•I = immune (avirulent) S — susceptible (virulent) 

• From rior 19j6a 

be detected only by means of genes present m the host, it follows that 
the known rust and host genes will correspond m number, the total 
given by Flor (1956a) being 25 

Tlie discovery of further host and rust genes may be expected espe* 
cially from studies m other countries m which race composition differs 
from that in North America Kerr (1932) has located host genes such as 
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L9 which cannot be identified by means of currently known North Amer- 
ican races. Generally, his studies have confirmed the alleh'c series estab- 
lished by Myers and Flor. A corollary of the complementary gene 
hypothesis is that the number of loci at which host genes occur deter- 
mines the number of resistance genes that can be incorporated in one 
flax variety. Since there are only five sudi loci, the number of resistance 
genes that can be built into one variety, on die basis of present knowl- 
edge, is five. In the rust no corresponding series of alleles is known, 
although evidence exists that some of the genes are closely linked (Flor, 
1946), Tliere appear, tlierefore, to be no limits to the number of genes for 
virulence tliat may occur in one race of the rust. 

Table VI 

Utilizing Races To iDENnrr the Rust-Com>itiomao Genes in the Trqgent 
OF HrsBiDs OF Ottawa 770B, Ciss, and Pols'* 

Hcactioo^ of plants possessing genes 

Race number 

Ummnn L M* LN^ M>N* LM>m 


156 aiOL An* S SRSR S R R 

102 At au^au* SRSSRRS R 

164 CiOt au*au* An* SSSRS RR R 

* From Flor, 1955 

* R - Resistant; S - susceptible 

Flor’s method, already briefly mentioned, of selecting from the 
progeny of varietal crosses those plants that contained single rust con- 
ditioning genes, has important consequences for the development of 
resistant varieties and for the identification of rust races. By these 
methods, described in detail by Flor (1955), it is possible to separate 
these genes in such a way that one flax variety contains a single rust 
conditioning gene. Smce *ese genes in the host are specific for genes 
in the rust it becomes possible to develop differential host assortments 
permitting a highly accurate pathogenic analysis of the rust. Conversely, 
it becomes possible, once the host genes have been separated into differ- 
ent flax varieties, to combine these genes in the various possible ways 
in new flax varieties to provide the maximum possible resistance against 
rust races The effectiveness of this process, as well as the interaction of 
rust genes with host genes, can be seen from Table VI. 

A consideration of the protective effect of several genes combined 
in one variety shows die essence of die hypothesis to be diat the variety 
remains resistant unless a given rust race contains pathogenicity factors 
that can overcome the protective effect of all of the host genes. Several 
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separate races, each containing one of the necessary pathogenicity fac- 
tors, would not overcome tlie resistance of tlie host plant because each or 
these races possesses only the jihysiological processes necessary to mter- 
lock with one of the resistance mechanisms of tlie host. The remaining 
mechanisms give protection so long as a race does not possess all of the 
mterlockmg mechanisms 

The work of Flor has been critici 2 ed by Mayo (1950) chiefly on the 
basis that the foundations on which it rests, tlie allehe series established 
by Myers and Flor, and tlie one for one relationship between rust and 
host genes, are not soundly established, and he has suggested more 
critical tests for allehsm and hnkage between both host genes and 
pathogen genes ” 


C. The Ascomtjeetes 

1 The Ascomycetes as Suh}ects for Genetic Studies 

In the Basidiomycetes the prmcipal pathogemc stage is dikaryotic 
(functionally diploid), m the Ascomycetes it is haploid. The dikaryotic 
phase, the major portion of the life cycle m the Basidiomycetes, is, m 
the Ascomycetes, a transient phase subsequent to fusion of the myceha 
of two haploid ^alh (m heterothaUic species) or foUowmg sexual dif- 
ferentiation m the same thallus (m homothalhc species). In both types 
of fungi the true diploid phase is limited to a brief premeiotic period 
confined m the rusts and smuts to the mature tehospore and m the 
Ascomycetes to the young ascus FoUowmg meiosis and the production 
of ascopores, the pathogenic phase commences with the germmation of 
the ascospore and ends with the formation of perithecial mitials. 

Smee the pathogemc phase of an ascomycete is haploid and, there- 
fore, contams only one of each pair of homologous chromosomes, any 
mutation that occurs is immediately expressed unless its expression is 
suppressed by genic mteraction, such as epistasis, as m some of the non- 
pathogemc mutants m Ventuna tnaequalts reported by Keitt et al. 
(1943). 

By reason of their haploidy, ascomycetous fungi are organisms suit- 
able for the production of mduced mutations as has been shown for 
Neurospora by Beadle and his co workers and for Ventuna by Keitt 
and his collaborators This is a matter of much significance, as the 
study of biochemical mutations opens up a promismg approach to a 
better understanding of the mechanism of genic control of pathogenicity. 

Not least important m establishmg the popularity of the Ascomycetes 
as tools for genetic studies is the fact that all the products of meiosis are 
present m the ascus and may be segregated for study, m some species 
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m the linear order m which they are laid doivn in the ascus The fre 
quency of first- and second division segregation may thus be determined 
Id calculations made of the distances of various loci from their 

centromeres 

2 Inheritance of Pathogenicity in Ventuna inaequahs 

. mvestieations on the uiheritance of patho 

Outstandmg ^ g ® q,aies of Keitt and his collaborators 

gemcity in the ,„aequal,s Smce the historical devel- 

on the adequately by Keitt (1952) 

opment of qgx, ^e„t,on will be made here only of the 

and Keitt Boone ( „h„na„ee of pathogenic characters 

s S that It was observed as early as 1926 that some 
Keitt (1952) s a . typical scab lesions on apple leaves, 

cultures of the ^ .uced OTly Hechs Wiesmann (1931) and 

whereas °*er culmres p „c„ocOTidial isolates differed m their 
Palmiter ( 193- ) show paimner (1934) concluded that mono- 

pathogenio capabilities, a ' J another in cultural char- 

conidial isolates genemUy ^^^ and Palmiter (1938) 

acteristics and in mte ,,‘terothalho, the eight ascospores of an 

showed that the types It was now 

ascus “1?° esiste®nce of conhastmg pathogenic characters in a 

Smthalhffungos provided mviting opportuniUes for genetic studies 

on pathogenicity developed a technique for isolatmg m 

Keitt and Langford ( 1 ^ showed that the single 

serial order the eight asmp ^^^^^^ self-sterile and that they be- 

spore isolates were J type gtoups in which intragroup 

longed to one or tl e ^.p ratings fertile They also developed 

matmgs were sterile . matinfi cultures m uiiro and for tesUng the 
methods for growing controlled greenhouse conditions on a 

patliogenicty of study® t was shoivn (for the first 

group of differential segregation tor pathogenicity frequently 

tune tor an f Allures of a single ascus four cul- 

occurred in the eig i producing flecks on a differential 

tures producing lesion ^ ^ segregation for pathogenicity, and 

variety They “ ‘d sometimes m the first and sometimes in 

for other characters occi diird division was cquational 

the second meiotic ‘'win ,,io pathogenic stability of 

encouraging for uture o reactions 

Imcs eliciting the lesion i ^^jy contrasted pathogenic clnraetcrs 

Tlie sstutedbyKcittct of (lfM3) They found tint 

lesion and Ucck ' 
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when two normal, wild type lines tint produced lesions on a given 
variety were crossed, all the resulbng ascospore cultures produced the 
lesion reaction Crosses of fleck X fleck produced only the fleck reaction 
PATHOGENICITY OF PROGENY OF THE CROSS 



Fig 3 Inheritance of pathogenicity in the progeny of thirty five asci derived 
from crosses between pathogenically distinct lines of Venturm xnaequalts (Adapted 
from Keitt et al, 1948 ) 

Crosses of lesion X fleck produced all ratio of cultures witli lesion 
and fleck symptoms 

Figure 3, adapted from Keitt et al (1948), shows the inheritance 
of tlie lesion and fleck reactions m a cross of a Ime producing lesions on 
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the varieties Haralson and Wealthy but flecks on Yellow Transparent 
and McIntosh with two lines producing the converse reactions The 
progeny of the thuty flve asci studied showed only the lesion and fleck 
reLhons occnrring in a 1 1 ratio Both parental types occnrred in tl e 
’ 11 Qc flip two exoected recombinant types Analysis led to 

progeny as -f “ “ematrto Haralson and Wealthy was deter 
the conclnsion that patliogen a y ^ McIntosh at another 

Td wlamf of three physiologic 

race's :ldl“ei that pathogenicity of one of these was con 

..oiled by v” ttt^®^ pathogenically different 

Boone and ^pple varieties tested was 

Imes and showed that p g ^ fungus, each pair consist 

governed by seven “ “O'® ^ P j ^^d another condition 

mg of an allele oonditionmg h osjonje^etion 

“lart tl ^:iSrcottioning flecks were found to he epistatio to 

those conditioning lesions assigned the symbols p IVp 1* through 
WiUiams and Shay (1® ) ^ gene 

p7Vp7 to the above men ige apple varieties md 

^p^^es'^Ly tested^mdfes on host genes oonditionmg resistance mdi 

oated the j LaMford (1941) many cultural mutants 

In the studies by end LrngmrU ^ 

occurred m certam of relahvely stable and were mvariably 

sectors These “gaas from which they origmated Some of the 

less pathogenic than the „fi,nffenicitv were studied by Keitt et al 
mutant characters e^eeting P J crosses of nonml X tan and 

(1943) by analyses of me prog 

normal X fe- “Lerod from normal (t) by the tan color of its 

The mutant tun (T) O”®'® nroduction Infection tests showed 
colonies and gre^sCn “f pethogenieity 

that It suppressed all visib ^ rojuced no conidia and suppressed 
The mutant "°"f"'i“ ‘ ty except ou the variety McIntosh on 
visible expression of p S ggjgg to fleck 

which the lesion reaction ,mes normal and four lines 

The cross normal X P ,.0 bcmg noninfcclious Tlio fact 

tan from each ascus the patliogemcity of the original 

that txvo of tlie four normal o.d,catcd that the muta 

normal Imo from wliicli coniiions a 

. + I„d.ea.csMlim.Icncctoaeocnx-a„c.y 

lower virulence 
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when two normal, wild type Imes that produced lesions on a given 
variety were crossed, all the resultmg ascospore cultures produced the 
lesion reaction Crosses o£ fleck X Heck produced only the fleck reaction 
PATHOGENICITY OF PROGENY OF THE CROSS 




Fig 3 Inheritance ol pathogenicity in the progeny of thirty five asci derived 
from crosses between pathogenicaily distinct Tines of Venturm tnaequalis (Adapted 
from Keitt et al , 1948 ) 

Crosses of lesion X fleck produced all ratio of cultures witli lesion 
and fleck symptoms 

Figure 3, adapted from Keitt et al (1948), shows tlie inheritance 
of tlie lesion and fleck reactions in a cross of a line producing lesions on 
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workers have applied these methods to Venturia m an effort to elucidate 
the gene controlled chemical processes associated with pathogenicity 
Mutations were induced m a monoaseosponc wild type Ime with 
either nitrogen mustard or ultraviolet irradiation (Keitt and Boone. 
19541 The mduced mutants were of three general types morphological, 
color and biochemical Morphological mutants, the most numerous were 
of least use for the physiological studies The color mutants, usefu for 
lomosome mappmg (Boone and Keitt. 1956), fell 
groups Ten of the twelve mutant characters studied appeared to be 
loverned by a single gene each The h.ochemical mutants, of greates 
mterest m relation to pathogenicity, were subjected to determination of 
*e nature of their growth deBciences The mutants fell into four classes 
Ic^Xg to the chemical substances for which they were deBcent 
orminsinicotmic acid, biotm, inositol, pantothenic acid, cholme, ribo- 
“nitrogen hases-pynmidines. purines, ammo aoaJs-arguiine. ly- 

sme histidine m of mutants showed 

Genetic ^ J mutant characters segregated in a 

that in crosses with , ^ control The synergism method similar 
1 1 ratio, indicating a 8 | (1944) to Neurospora was used 

f V?fletLrf or mS—nts for the same deficiency were 
to establish different loci, and data from per- 

determined at ,.„„c„on were used to determine the 

centage of second divi mn (Boone of al. 

distances of loci t^m the t frequently controlled 

1957) that mutations for the same den ^ ,Be fol 

at different loci The f ^S^f^fiavin, 3. purines, 8. pyrim. 

lowing nutritional mTuir 2, reduced sulfur. 2. all others, 1 

dmes, 4, arginine, 6, histidi . ’ necessary to deter- 

In relating these results P deficiency influenced the patho 

mine whether or not a gi deficiency inhibited pathogenicity, it 

genicity of the mutant It ^ pathogenicity could be restored by 
was necessary to ec winch the fungus could not syntliesize 

supplying the particular su j .pop fn this connection tlie amount 

to the host plant during or atte ^ possible 

of the substance present m tne nus 

significance t .j,„ mduced biochemical mutants 

The testing of the pathogenic ^ Biotin, mositol, mcotmic 

showed that mutants mquu-ing. u pathogenic, mutants re- 

acid, pantothenic acid, or reduced suUur uere p b 


ac.u, pa..iui..=...w „,pmes. pjrimidmcs, arginmc, histidine, 

quinng choline, riboflavin, p Tlic reasons for supposing 

methionine, or probne were "°"P , , tlio deficiencies ucre (1) 

that the losses of piUiogcn.c.ly were du 
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tion to tan did not change the factor for pathogenicity but merely sup- 
pressed its expression. , /rrxT ^ 

The results of the cross normal (t nc) X tan nonconidial (T Ncj 
are shown m Table VII. The parental types occurred in the progeny as 
well as the recombinants tan (T nc) and nonconidial (t Nc), which 
segregated from their alleles in a 1 : 1 ratio. All lines carrying tan were 
nonpathogenic on all varieties, and lines carrying nonconidial without 

Table VII 

Inheritance of Pathogenicity and Cultural Characteristics in the 
Cross Normal (t nc) X Tan Nonconidial (T Nc), Ascus N“ 
Pathogenicity genotjpcs* Normal — MC H MP yt ra X MC II MP YI* ItA* 


Host variety and pathogenicity Genotypes 

Ascospore no ^ 


and 











Cultural 

cultural type 


H 

MP 

YT 

RA 

Pathogenicity 


characters 

1 Tan 

2 Tan 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

MC 

H 

MP 

? 

? 

Tnc 

3 Tan None 

4 Tan None 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

MC 

H 

MP 

? 

? 

TNc 

5 Normal 

L 

L 

L 

L 

L 

MC 

11 

MP 

YT 

RA 

t no 

6 None 

F 

0 

0 

0 

0 

MC 

H 

MP 

? 

? 

t Nc 

7 Normal 

L 

L 

L 

L 

L 

MC 

H 

MP 

YT 

RA 

t no 

8 None 

F 

0 

0 

0 

0 

MC 

H 

MP 

? 

? 

t No 


•* Adapted from Keitt et al , 1943 

‘ MC-MoIntosh, H-Haralson, MP-Missoun Pippm, YT-Yellow Transparent, 
RA-Red Astrachan. 

fan were nonpathogenic except to McIntosh on which they produced the 
fleck reaction The fact that the two normal cultures in the progeny had 
the same pathogenicity as the original normal culture from which the 
mutant nonconidial was derived showed that this mutation did not arise 
at the locus for pathogenicity 

As may be seen from Table VII the presence of the mutant genes 
brought about pathogenicity ratios of 2:1:1 (for McIntosh) and 3:1 
(for the other varieties). The mutant genes, therefore, acted as modifiers 
of pathogenicity ratios. 

A gene in a pathogenic organism sets in motion biochemical processes, 
the end result of which is a particular pathogenic reaction. This realiza- 
tion stimulates the investigator to seek an understanding of the nature 
of these processes if any means to that end appear to be available. One 
such means, originally developed by Beadle and Tatum for the fungus 
Neurospora, is the method of inducing mutations and studying their 
effect on biochemical processes. In recent studies, Keitt and his co- 
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different in both the transformmg principle is deoxyribonucleic acid 
(DNA), in both the end result is the introduction into a strain of 
bacteria’ of one or more characters of anotlier strain 

Transformation, first recorded by Griffith (1928) for pneumococcus 
and studied mtensively by Avery and his collaborators was shown by 
Hotchkiss (1951) to result m the mdependent transfer of several distmct 
characters from one pneumococcus stram to another Corey and Starr 
(1957a b) reported that they had effected genetic transformation of 
Lony’type in Xanthomonas phaseoh In this species four types of 
occur r^gh, smooth, semimuco.d, and mucoid Although tliese different 
types multU equally well within the host they differ ” ootoy size on 
nutrient media and in their ability to produce lesions The amount of 
Xaccharide m the bacteria mcreases according to the above sequence, 
Lmg smallest in the rough and greatest m the mucoid types and the 

“\“'tll:"m“rfcnrsio“ -ount of PolX-chand^ 

the P»ity t 

B, and C The cells would have pro 

rough colonies, smooth, semimu ^ 

gressively ’aBC, mucoid ABC) Transformation 

and abC, semimucoid A . j^g^pon of decreased polysaccharide 

I- ■»“' »"• “ - 

Agrobactermm (^''V‘™onas) ^ ^,,ro of A tumefaciens 

and Reid (1949) brought a nonpathogenic Agrobactcmm (Alca 

to the morphologically of 

bgenes) radwbacter by Conversely, tlie removal of tlio A 

capsulated phase of A organism from a state of avirulence 

radiobacter ‘ M capsule cnang 

to one of significant ''1™'““ .rmsmitted tumor inducing ability from 
Klein and K'®*" y^lent strains of A tumcfaaens and 

virulent croivn gall bacteria j jegummosarum Once acquired 

to A rub,. A rad,ohaoter.uni^,u^^^.^^^ genetically fixed 

by the recipient organism, filtrates of virulent, donor cultures 

Klein and Klein (1950) found * transformmg 

contamed deoxyribonucleic aci yg^,pient cultures Tlio tumor- 

principle in conferrmg ^ metabolic product of virulent 

inducing principle was consi e bemc governed by one or more 

crown gall bacteria its f to ^ 

genetic factors which can 
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44b , , 

^e—s were— jpg— 

‘"'’^^r'^crXhe! oT not Pathogepi^y coum 
mutant by supplying the ;“ ‘‘“latioT onward showed that 

host plant durmg various P^s ^ i„ p,,t, to sut of to 

pathogenicity was teinporarily . nutrients was made 

eight mutants tested ^ app tea lo mutants that recovered patho- 

daV tormg the incubation perp. choline, 

genicity by these means were metoonine Histologica 

riboflavm, pyrimidmes, Mginme, n , ^^jthout supplement of 

studies showed that although a mu . £ jher growth in the 

nutrient, penetrate the cuticle, it cop f t^etabolte to 
plant tissues unless it were supplied with th p , . ;ty ^as not 

which it was deficient. The two mutants to which Pi''''‘’S“ ^ u. 

Std by nutrient supplement were one pn.ng adenme m hlT ^ 
xanthine and one requumg either guanine or xanthi . j 5 ub- 

composition of the host tissues showed that the cbm 
tZes for wWch the mutants were deficient weppresep m to^p^_ 
but at the site of mfection they occurred in quantities belo 
ments of the fungus. 


IV. Tkansfoumation and TuANSnucnoN 

Heccmbmation resulting from some sort of sexual 
Lederberg and his collaborators to function in certain strains^ jjacteria 
ichia coll, IS not known to be operative in plant-pathogenic 
Transformation, now known to function in of 

however, may play much the same role as sexuality in t e 
genetic materials from one stram of bacteria to another.^ In r ^jother 
tion” a bacterial clone acquires some of the characteristics o neinally 
clone by growing m its extract or filtrate. “Transduction, ° 
referred to as phage-induced transformation, (Zinder an r^p^gty a 
1952) was defined by Demerec et al. (1954) as: *a process 
phage particle transfers a se^ent of chromosome from the 
m which it was raised to the bacterium which it mfects. ^ 

this segment is in some way incorporated into the corresponding 
some of the recipient bacterium, replacing a homologous region* recent 
so transmitted to the descendants of that bacterium. or 

authors (cf. Cavalli-Sforza, 1957) refer to transformation as as 

DNA-transduction” and designate the phage-induced 
“phage-mediated transduction.” The two processes are not fun a 
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eenically controlled processes m the host To this extent the widespread 
Lstgene pathogen race interaction may be interpreted to support 

Flor’s contention , 

One beneficial result of studies on host pathogen relations is that im 
understandmg of them sometimes enables the investigator to manipulate 
the resistance genes of the host by means of hybridization m such a way 
S to provide Lximnm control of the races How effectively this can be 

done has been shown by Flor (1955) 

Of greater scientific mterest is the possibihty that genetic fuies may 
* t. rra r>ninh for a better understandmg of physiological 

give some vantage point “ can not provide knowledge of 

processes Genetic amdies^by them^dv^^^^^ ^ 

this kmd Apphe P both components 

pathogen) physiological proce , g knowledge of a host 

can provide and .crnis of physiology It is 

LtrSiaT::iLut such thmkmg *0 -><”8 

future PhysioloS'^I 'nvestigation ™ ^ chapter gives 

Tim survey ho^‘ gene controlled physiological 
reason to suppose that *e m ^ ^ consideration in obhgate 

processes of host and path g have been concerned chiefly 

parasitism as the effect of the patho 

with phenomena common t P a^^^^ ^soluble nitrogen 

gen on assimilation, ■'e^P'f^' mleracuon of gene controlled processes of 
etc The demonstration of t mvesbgatmg the physiology 

host and pa*ogen “specialized parasitism 

of the specific phenomena ^ mitiated host 

Actually, the demonstration to *eir nature Catcheside 

pathogen interactions gives no pathogen avinilence me 

(1951) points out that host dominance imphes the 

generally dommant ” ^veness its absence, he supposes that 

production of a substance ana from the interaction of these 

the necrotic, resistant type reac , related to one another m the 

two dommant gene conditione recessive genes m host and patho 

manner of antigen and anti^ny ^^^.b mteracUon, 

gen would produce no substanc mteractmg genes were 

and hence compatibihty, i o”® forward by Flor (1956a) 
recessive A similar suggestion i P assumphon that a 

A different explanation Mul paUiogenio relations wi* 

certain substance is necessary parasite "°'dd bo 

the host If this substance is abs J dio substance Tliosc 

pathogenic only if it ‘S capa 
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V. Discussion 

Tins survey of the inheritance of pathogenicity has shown that the 
disease-producing capacities of patliogcnic fungi with a functioning 
sexual process are quite commonly gene controlled In these fungi re- 
combmation undoubtedly helps to confer a pathogenic plasticity on the 
organism In organisms without a functionmg sexual process, including 
many fungi and probably all plant-pathogenic bacteria and viruses, 
mutation appears to provide the chief means of pathogenic adaptability 
to the host In these organisms the absence of sexually determined 
combination is probably only to a slight extent counterbalanced y 
processes such as heteroharyosis and parasexuahty Although tlie last- 
mentioned of tliese processes, and others such as transduction, have not 
yet been proved to be operative m many plant-pathogenic organisms, 
they can not be entirely ignored as means of pathogenic variation But 
even if these processes are not commonly operative, mutation and selec- 
tion appear to be adequate means for patliogcnic variation m most non- 
sexual organisms There appears to be little, if any, proof of tlie nature 
of mutation for pathogenicity Presumably, many of these changes are 
gene mutations, but as stated m the Introduction, the term mutation is 
here used for any heritable change that is not demonstrably duo to other 
means, such as recombmation, heterokaryosis, transduction, or parasexual 


processes 

In this review several examples have been given of a close inter- 
relationship between pathogenic strams, often of mutant origin, and host 
genes conditioning the reaction of the host It is perhaps advisable to 
pomt out that these relationships can, m most cases, only be claimed to 
be host-gene pathogen strain relationships because there are few dem 
onstrations that the pathogenicity of strams is conditioned by a single 
gene Exception, however, can be made of the work of Flor, who has 
claimed for flax and flax rust a rust-gene host-gene mteraction It is 
temptmg to assume such a relationship also for instances m which a 
stram meffective against a host gene mutates to a strain effective against 
it Such mutations, as in Cladosportum fulvum and Phytophthora in- 
festans, are quite likely to be gene mutations, in which case the new 
mteraction might be considered to be a host-gene pathogen gene inter- 
action — ^but there is no proof of the exact nature of the changes that took 
place m the mutations and, consequently, there is no proof of the exact 
nature of the relationship Even if the host pathogen interaction is not a 
simple gene for-gene interaction, it seems warrantable to assume that 
genically controlled processes of the pathogen are interrelabng with 
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orowtli. The inhibition of onion smudge development in led-skiMed 
varieties of onion (Walker and Stahmann, 1955) is another example of 
the interference with nutrition by nonnutrient chemicals present m the 

^°'toe interaction among pathogen genes undoubtedly brings about ^ 
yet unexplained reactions inhibitory to pathogenic development A good 
Lample of genically controlled inhibition of pathogenicity is *<5 efect 
of *e mutant gene L on pathogenicity of VeiKum Evidence 

waxXined by genetic studies that this inhibition was caused by mn- 
7aZn It a locu" other than that of pa*ogeniei^ It semns ^kety 4 t 
epistatie effects on patliogenicity are frequently of the chemically 

inhibitory type. elfect-that is. 

lead s'^er'Jstie effect’evidentiy’uecessary in some cases to successful 

speciaUzation of the rusts by „„,iient substrates that could be 

controlled nutrient j ihe gene-controlled enzymaUo 

acted on by a given have m^any such systems others 

systems of the race. Some enzyme systems would have a 

would have few. Races wi hstrates that would allow them to 
versatiUty with respect such races the full comple- 

parasitize many genically oneratmg against any one host. A race 

ment of enzymes might not J B „„ another, etc 

might operate . n”” ° ft,] as’ vantage points for experimental 

Hypotheses are chiefly usem above at least have 

work. Nutritional hypotheses jesting of their validity, especially 

the merit of being suscepti e he grown on artificial 

in those pathogenic ..H-nshio of biochemical mutations to 

media. Recent studies on ^ have already shown that such 

pathogenicity in Ventuna • (ant physiological studies, 

working hypotheses may ® 
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strains incapable of this synthesis would be avirulent, except on those 
hosts containing the required substance. No assumption need be made 
of the relation of dominance to substance production. 

In considering pathogenicity in terms of gene action, thinking will 
have to be based on the results of studies with biochemical mutants 
Anabolic and catabolic reactions proceed along metabolic patlis under 
the guidance of gene-controlled enzymes. Recent research (Davis, 1955) 
appears to uphold the original hypothesis of Beadle and Tatum that an 
auxotrophic mutant lacks a specific enzyme. A metabolic patli may re- 
quire for its completion many enzymes, each catalyzing a step from one 
intermediate substance to another and each presumably controlled by a 
gene. A mutation at any of these steps would prevent the completion of 
the path. Perhaps this is tlie reason for the finding by Boone et al. (1957) 
that genes at several different loci control the same deficiency. Since 
these deficiencies limited the pathogenicity of the mutant strains of 
Venturia imequalis, it is tempting to try to explain the different patho- 
genic potentialities of parasitic strains in terms of mutations affecting 
metabolic paths. 

If pathogenic differences between strains are based on different 
nutritional requuements, mutations for decreased virulence might be of 
the auxotrophic type leading to a difficulty on the part of the pathogen 
to control a metabolic path. Mutations to increased virulence might be 
explained by the pathogen’s gaining or regaining control over a meta- 
bolic path. On these assumptions the relationship of the pathogen to 
the host would be nutritional. The genes governing host resistance 
would be resistance genes because they fail to condition metabolic 
paths, creatmg the type or quantity of some metabolite required by the 
pathogen. But because the metabolic paths of both pathogen and host 
are gene controlled, there would appear to be a gene-for-gene relation 
when both host and pathogen are studied genetically. 

Even if such a direct nutritional relationship should operate, it would 
be likely to be upset by factors that are not directly nutritional. This has 
been realized by those who have theorized about host-pathogen relation- 
ships. Garber’s “nutrition inhibition hypothesis” (Garber, 1956) and 
Lewis balance hypothesis of parasitism” (Lewis, 1953) both consider 
nutrition to be basic to successful parasitism but liable to be affected by 
the presence of host metabolites unfavorable to the growth of the patho- 
gen. An example is given by Garber and Shaeffer (1957) who con- 
sidered that failure of two of their histidine-requiring mutants of Erwinid 
aroidcae to grow in the presence of adequate histidine concentration in 
the host was due to the presence of certain amino acids antagonistic to 
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I Introduction 

Many agents cause vnuses to lose tlieir characteristic biological autl 
physical properties and can interfere with tlieir establishment and mu ti 
plication m the plant The study of the effects of such agents has p aye 
an important part m the development of our understanding of viruses 
ever since they were first discovered about 70 years ago The resist^cfi 
of a virus to agmg at room temperatures and to heatmg for s lor 
periods in expressed plant sap were important criteria for the identi ca 
tion and classification of viruses before more modern methods began o 
become available about 25 years ago Even now such criteria prove 
useful for many viruses which have not been isolated and characterize 
by more precise methods 

Nearly all our knowledge about the mactivation of viruses has been 
obtained from experiments with those which can be fairly readily trans 
mitted by mechanical means It is probable that such viruses are gen 
erally more stable than those which cannot be mechanically transmitte 
Since most of the three hundred odd plant viruses so far recognized w 
into this latter group, the material presented in this chapter probab y 
gives a distorted picture of the stability of plant viruses m general 
The knowledge that the mfectivity of many viruses in expressed sap 
could be destroyed by the kmd of chemical and physical agencies whic i 
were already Imown to destroy enzymes suggested that viruses mig 
also be proteins This knowledge led to the first isolation and character 
ization of tobacco mosaic virus and potato virus X as proteins 

The most outstanding discovery from recent work on plant viruses 
is that ribonucleic acid (BNA) isolated from tobacco mosaic virus 
(TMV) and free from detectable amounts of protein is capable by 
Itself of mitiatmg new infections and of giving rise to new virus com 
plete with the normal coat of protein It was known in 1936 that several 
plant viruses were nucleoprotems but it took another 20 years before 
the vital role of the nucleic acid was demonstrated directly For the 
greater part of this period most mvestigators were preoccupied with 
the protein part of tlie virus Thus m studies on virus inactivation the 
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virus protein has been given most attention Only m fairly recent work 
has tile RNA been given adequate consideration 

This preoccupation with the virus protein persisted in spite of the 
fact that a number of early experiments showed that the protein part of 
TMV could be fairly substantially altered witliout affecting biological 
activity For example, 70S of the ammo groups of TMV could be covered 
witli acetyl or phenylureido groups xvithout significantly altering the 
infectivity of the virus (Miller and Stanley, 1941) In the period between 
1937 and 1910 treatment with detergent and with phenol was shown 
to spilt tlie nucleic acid from tlie protein part of several viruses It is an 
mterestmg comment on the influence of public opmion on the develop 
ment of a subject, that almost 20 years passed before infectious RNA 
was prepared from TMV by methods using detergent and phenol 
The term ‘inactivation” has been used with various meanings by 
different writers Here we shall use tlie word m a rather loose way to 
refer to any treatment which causes the virus to lose its ability to infect 
or to multiply zn tlie plant, regardless of whether tlie loss is reversible 
or whetlier other characteristic properties of the virus particle are lost 
A wide variety of chemical and physical treatments will inactivate 
viruses m vitro Many of these~for example strong acids and bases— 
mactivate rapidly with a total loss of all characteristic properties of the 
virus Such treatments are normally of no great interest, and as far as 
mactivation in vitro is concerned we will deal mainly witli agents which, 
under some conditions at least, cause a loss of the ability to infect 
Without total destruction of virus structure 

If a virus preparation is giyen some treatment and the infectivity 
decreases ivith increasing time of treatment, it is usually safe to assume 


that mactivation of the virus is talcing place ui vitro However, some 
substances which inhibit virus infection have their full effect immedi 
ately on being mixed with the vims and the mhibition can be annulled 
by removal or dilution of the mhibitor With these it is often impossible 
to distmguish with any certainty between tn vitro and m vivo effects 
Some agents such as heat can inactivate viruses both in vitro and within 
the plant From such considerations it has been found most convenient 
in arrangmg the material m this chapter to consider together all the 
effects of a given mactivatmg agent 

Many plant species are resistant to mfection with a particular virus 
and the reststance of susceptible species can be altered by environmental 
factors such as light, temperature, and nutrition T^he nature ct resist- 
ance IS not understood, but m many situations it probably involves 


mactivation of the virus m vivo c u •. 

When considermg the host plant, the concept of changmg resistance 
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or susceplib,hty to a virus is .. useful one However, from Uie point of 
view of the virus the idea seems to have led to some contusion In the 
literature on virus inactivation there arc many discussions concerne 
with the problem of whetlicr a particular treatment rednces the numbih 
of loeal lesions produced hy a 5t.mdard inoculum through effects on the 
virus or on the host We suggest that this may be a f ilse distinction, an 
that m most situations, a dccieosc m the number of local lesions pro 
duced by a standard inoculum should from tlic point of view ot Uie 
virus be considered as virus inactivation 

When inoculated onto the pi mt, those virus particles which find suit- 
able points of entry rapidly undergo some irreversible change which 
prepares them for initiating multiplication of the virus This change very 
piobably involves the rcmovil of the protein coat from the nucleic aci 
Any situation in which the virus is deceived, so to speak, into taking 
first irreversible step toward multiplicition under conditions where t ic 
process cannot continue to the production of new stable particles s lou 
be considered as virus inactivation It is probable that the only kin s o 
change in the host leading to increased resistance which do not involve 
virus inactivation are those whicli give the leaf surface increased " 
ance to wounding Here the virus particle which would have inva e 
remains presumably unchanged m a stable state on the leaf surface an , 
m theory at least, lives to fight another day 


II Tempehatuhc 

The structure of a virus particle may be altered by the effects of 
thermal agitation If such an alteration destroys the ability of some vita 
part of the structure to function, the virus particle becomes inactivate 
In an infected plant, under normal growing conditions, we assume tha 
most of the virus particles can resist thermal mactivation If, however, 
plants are grown at a higher temperature than normal, or the virus is 
extracted from the plant and subjected to higher temperatures inactiva 
tion may occur 


A Heating i» oitro 

* From the early years of plant virus research, the thermal _ death 
pomt’ has been used as a property for virus identification Usually sma 
volumes of fresh sap from an infected plant are heated in small tubes 
for 10 mmutes, and inoculated into suitable host plants The therma 
death pomt ranges from about 42® " for tomato spotted wilt virus to 
about 93° for TMV Concentration of virus, pH and composition of the 
sap, and condition of the test plants may affect the results of such tests 
" All temperatures given as degrees caiUgrade 
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For more careful study of heat inactivation purified virus preparations 
liave been used ivhere possible 

With some viruses such as TAIV and potato virus X heat inactivation 
IS closely associated ^VIth denaturation of the virus protein The tempera- 
ture coefficient of inactivation or (le, the ratio behveen the rate 
of inactivation at hvo temperatures, 10® apart) is large This is a char 
acteristic of protein denaturation in general With tomato bushy stunt 
and tobacco necrosis viruses, however, ilie Qio for heat inactivation is 
small, and there is a fairly wide range of temperatures at which some 
infectivity is lost Witli tliese viruses the loss of infectivity is not closely 
paralleled by denaturation of the virus protein 

With TMV and potato virus X it is not possible to produce a com 
pletc loss of infectivity without substantial denaturation of the protein 
also occurring On the other hand, preparations can be made of tobacco 
necrosis viruses and tomato bushy stunt viruses which have lost all 
infectivity but which are indistinguishable from infective preparations 
in their reactions with antisera, their ability to crystallize, and in other 
physical properties (Bawden, 1950) 

Lauffer and Price (1940) concluded that heat denaturation of TMV 
protein is a reaction of the first order, with an energy of activation in 
01 M phosphate buffer at pH 7 of about 153,000 calories per mole The 
rate of heat denaturation was strongly influenced by pH of the solution 
over the range they examined For example, at 71®, denaturation pro 
ceeded about 3500 times as fast at pH 7 05 as it did at pH 5 77 Infec- 
tivity of the virus was lost somewhat more rapidly than virus protein 
was denatured in their tests 

Hart (1956) used electron microscopy to follow the morphological 
changes occurring m TMV particles on heating In the range 80-98® the 
rod swells at one or both ends Eventually, the rod is completely con- 
verted mto a roughly spherical particle of about the same volume as tlie 
original rod Hart estimated that the energy of activation for the con 
version of rods to balls is about 150000 calories per mole (m distilled 
water) a value in good agreement with that found by Lauffer and 


Price (1940) 

Gmoza (1958) has studied the kinehcs of heat inactivation of infec 
tious TMV RNA The reaction appears to follow a course of first order 
kinetics From the moderately low value for the heat of activation of 
RNA Gmoza concluded that the loss of mfectivity on heatmg does not 
involve breakage of a large number of weak bonds Gmoza found a 
negative entropy of activation, which he took to mdicate that the acti- 
vated molecule has less degrees of freedom He suggested that the 
activated mtermedlate may be a cyclic phosphate tnester, and (hat the 
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cleavage of only one phospliodiester bond is sufficient to inactivate tlic 

RNA molecule , 

Turnip yellow mosaic virus is fairly stable to heating in^expre^ssed 
plant sap The thermal death point under these conditions is 70-75® for 
10 minutes heating (Markham and Smith, 1919). If, however, tlic virus 
IS heated in buffered solution above about pll 6 1, nucleic acid is readily 
released from the virus protein (L>ltleton and Matthews, 1958) The 
initial rate of RNA loss increases with mcreasing temperature between 
37® and 50® at pH values above 6 4 

The RNA released from the protein shell after heating for 3 minutes 
at 45° and pH 7 6 has a molecular weight of about 75,000 Frchmmary 
tests show that most if not all the mfectivity of the virus is lost on 
release of the RNA under these mild conditions 

The behavior m the ultracentrifuge of the protein rtmamtng after 
escape of the RNA shows that it is not depolymenzed into subunits The 
sedimentation constant of this material is slightly smaller than the virus 
protem component containing no RNA This behavior is consistent with 
the idea that the RNA, m escaping from the protein, ruptures the shell 
thereby lowering the symmetry and decreasing the sedimentation co 
efficient This protein is not giossly denatured since it is still soluble in 
water, at least for a time, and its ability to react with specific antiserum 
is not markedly affected 

The sedimentation behavior of the components formed on heating 
turnip yellow mosaic virus suggests that the escape of RNA from a 
virus particle is an all or none event (Lyttleton and Matthews, 1958) 
If this IS so, the data on the proportion of particles which remain intact 
under various temperatures and pH conditions can only be explamed 
by assummg that the virus particles in a preparation of turnip yellow 
mosaic virus have a continuous range of stabilities with respect to heat- 
ing at pH values near 7 0 

The escape of RNA from turnip yellow mosaic virus on heating m 
buffered solution can be prevented by the addition of sucrose to the 
virus solution and there is a linear relationship between sucrose con 
centration and this protective effect If it is assumed that the protein 
shell IS impermeable to sucrose, then die reduced loss of RNA m the 
presence of sucrose might be due to the increased osmotic pressure m 
the external medium increasmg the resistance of the protein shell to 
rupture from withm 

B Heating in vivo 

If vims infected plants are held at higher temperatures than normal, 
the vims may be partially or completely inactivated without killing the 
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plant Heiting of infoctLil plnili or iwrh of pi^iitA m water or in air is 
tlic only treatment so far discovered winch can undoubtedly free fully 
infected plant material from virus infection. Kassanis (1957) lists 33 
viruses which have been mactivaltd m otto in tins way The most effec- 
tive temperature l)is to bo detcnnincd cinpincally for each liost virus 
combination. The margin of safely between inactivating tlie virus and 
billing the host is often small 

In countries with high summer temperatures, inactivation of viruses 
m uto may occur naturally For example, m parts of India potato tubers 
kept m ordinary stores may be freed of leaf roll virus, while those kept 
m cool storage remain lOQZ infected (Kassanis, 1957, Thirumalachar, 
1954) Ilitclibom (1956) has shown tint a strain of cucumber mosaic 
Virus from an ,irea of the United States with liot summers can multiply 
m phuits at 37®, whereas those from the cool climate of southern Eng- 
land cannot, thus suggesting that natural selection of heat resisting 
strains may occur 

Tho relation of heat inactivation in uieo to that m utro is not well 


understood Those few viruses whose size and simpe are known appear 
to fall into two groups with respect to sensitivity to heat m viio 
(Kasstinis, 1957) Tobacco necrosis, tomato bushy stunt, and carnation 
ring spot viruses have “sphencal’ particles and are rapidly inactivated 
in VICO The first two are koiown to liave a Ingh coeBaent of thermal 
inactivation m oifro Tobacco mosaic virus and potato viruses X and Y 
have rod shaped particles, are little inactivated m vioo, and have a low 
coefficient of thermal inactivation m vi/ro It is by no means established 
tliat this distinction between elongated and sphencal viruses holds gen 


erally For example, Hitchborn (1957) found a strain of tobacco ring 
spot virus (which has roughly “sphcncar particles) which can multiply 
at 36® in tobacco plants TMV may not be completely unaffected m the 
plant by temperatures around 36® (Kassams 1957) When tomato plants 
systemically infected Nvith bushy stunt virus are kept at 36®, mfectivity 
IS lost more rapidly than specific antigen content (Kassams 1952) 
Harrison’s (1956) results witli a tobacco necrosis virus in bean show 
that this vu-us can multiply at 30® but that some vnus is inactivated in 
the leaves at this temperature The virus was inactivated more rapidly 
at 32-35° m the leaf than m expressed sap held at the same temperature 
On the basis of these results with tomato bushy stunt and tobacco 
necrosis viruses (both spherical), Kassams (1957) suggests that the 
mechanism of inactivation tn vivo must be quite different from that 
occurrmg m vitro, and that at 36® the plant contributes to the des^c 
tion of the virus On the other hand Matthews and LyttJeton (1959) 
found that the mactivation of tuimp yeUow mosaic virus m Chinese cab 


\ 
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baffe plants held at 33» proceeded more slowly than with purified virus 
m mtro held at 33“ and pH 6 or 7 A comparison of the properties o 
turnip yellow mosaic virus which had been inactivated in the plant a 
33° with tliose of normal virus failed to reveal any significant altera ion 
m the ability to crystallize from salt solutions, in ultraviolet absorption 
spectra, in the rate of release of RNA at pH 7 and 37°, in tlie ability 
to combine with antibody protein, or m the proportions of the different 
virus nucleoproteins tliat ean be isolated by the cesium chloride tecli- 
nique (Mattliews and Lyttleton, 1959). 

C Freezing and Thawing 

Freezing infected leaves, or sap from such leaves, appears to have 
little effect on many viruses, and is often used as a clarification step m 
virus isolation, sinco it renders much of the host protein material m 
soluble Some viruses lose mfectivity following such freezing and thaw- 
mg (e g alfalfa mosaic and tobacco etch viruses), but this loss may be 
due to adsorption of virus onto the coagulum of host protein rather than 
to direct inactivation of the viruses by freezing (Bawden, 1950) 

Tomato bushy stunt virus, which is not affected by freezing in the 
leaf, IS inactivated when purified preparations are frozen On thawing 
insoluble inactive precipitates develop (Bawden and Pine, 1938) The 
protective effect of the plant sap is accounted for by the observations of 
Bawden and Pine (1943) who showed that inactivation was augmented 
by low pH conditions and reduced by such substances as glucose, 
protem and salts 

Loss of mfectivity m preparations of tomato bushy stunt virus which 
have been frozen is usually but not always accompanied by loss or 
serologic activity and the appearance of a precipitate of denatured 
protein (Bawden 1950) 

Tobacco ring spot virus is affected by freezing and thawing m a 
similar way to tomato bushy stunt virus A large proportion of a purified 
preparation may be inactivated and the protem denatured by a single 
cycle of freezmg and thawing but the inactivation can be prevented by 
the presence of electrolytes, plant pigments, or nutrient broth (Stanley, 
1939) 

Tobacco mosaic virus appears less affected by repeated freezing and 
thawing than other viruses unless the pH is reduced to near 3 0 

III Radiattoms 

The inactivation of plant viruses has been studied usmg various 
ionizing radiations (a , y- and Xrays) and ultraviolet light, a non 
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ionizing radiation The proportion of infective virus particles surviving 
IS an exponential function of the dose (Lea, 1946). The inactivation is 
independent of the intensity of the irradiation and depends only on the 
total dose received The evidence suggests that most of the effect of 
ionizing radiations on large molecules such as viruses is directly in the 
virus and not through effects on the medium (Lea, 1946) Since the 
inactivation of a virus particle by an ionizing radiation can be due to a 
single ionization witlim the particle it is possible to calculate the target 
size from the experimentally determined inactivation dose (Lea, 1946) 

A X‘Ratjs 

Early work showed that X-rays reduce mfectivity of TMV without 
detectably denaturing the virus protein, as shown by unimpaured 
serologic activity, anisotropy of flow, or formation of liquid crystals 
(Bawden and Fine, 1937) 

The dose of X-irradiation required to give 37% survivors of TMV is 
about 2~3 X lO’r This shows that the radiation-sensitive volume of the 
intact virus particle corresponds faurly closely to that of the virus nucleic 
acid, and all the evidence now points to the fact that X rays inactivate 
the virus by damaging the RNA The target volume for several spherical 
viruses also corresponds fairly closely to the volume occupied by the 
RNA (Buzzell et al> 1956) 

The idea that damage to the virus is an all or none event receives 
support from several experiments Buzzell et al (1956) found tliat TMV 
which had survived a high dose of X rays was just as stable at 80® as 
unuradiated virus Similarly, Lauffer et al (1956) showed that whole 
TMV that had been heavily irradiated with X rays has about the same 
sedimentation rate and mtnnsic viscosity as normal virus The RNA from 
the virus, however, has a lower intrinsic viscosity than untreated virus, 
and, therefore, a shorter average particle length They, therefore sug 
gested that X irradiation causes breaks m the virus RNA as it lies 
widim the protein rod and that the letlial action of X-irradiation is 
caused by a single break m the RNA of the particle This idea was 
confirmed more duectly by inactivation studies on infectious RNA 
isolated from TMV (Ginoza and Norman, 1957) The 37% survival dose 
for the RNA was 3 0 X 10"r, a value dose to that found for the intact 
virus From the results of several experiments they calculated a range 
of molecular weight for the RNA be^vee^ 14 and 54 xm with a 
most probable value of 27 X lO** This is m good agreement wiUi the 
chemical evidence which suggests a molecular weight of 23X10^ for 
the RNA m a single particle 
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B Ultraviolet Light 

While the absorption of ionizing radiations is dependent only on die 
atomic number of the elements m the irradiated material, the absorption 
of ultraviolet light is very dependent on the chemical bonding in die 
material Ultraviolet light is strongly absorbed by the purine and 
pyrimidine bases found in nucleic acids, Uitrc being a ina\imum o 
absorption for RNA at a wavelength of about 260 mp. Proteins also 
absorb in this region, but much less strongly and with a mavimum at 
about 280 mp This type of inactivation has been used mainly for investi 
gating events durmg the early stages of infection by viruses The macti- 
vation of Wuses by nonionizing radiations has been recently revicwc 
( Kleczkowshi, 1957) 

Virus inactivated by ultraviolet light in vtlro retains full serologic 
activity and the ability to crystallize, but sliows some loss of stability 
Oster and McLaren (1950) found that TMV that had been inactivated 
by ultraviolet light is more readily denatured by heatmg 

Kleczkowski (1954) (using electron microscopy) showed that a high 
proportion of iiradiated TMV particles had been aggregated side by 
side to form two dimensional sheets, while m control preparations most 
particles were distributed at random Klcczkowski suggested that irradia 
tion leads to the formation of bonds between neighbormg particles 

TMV and tobacco necrosis virus which have been inactivated by 
ultraviolet light interfere with infection by normal TMV and to a lesser 
extent with infection by tomato busby stunt virus and a tobacco necrosis 
virus (Bawden and Kleczkowski, 1953) In contrast, inactivated tomato 
bushy stunt virus causes no interference with infection by active bushy 
stunt VITUS or TMV The mechanism of this interference with active 
virus by inactivated particles is unknown 

With some bacterial viruses, preparations that have been inactivated 
by ultraviolet light may give rise to new virus if they are inoculated at 
a high ratio of virus particles to bacterial cells Bawden and Kleczkowski 
(1953) could find no evidence for this ‘'multiplicity reactivation phe 
nomenon with the plant viruses they studied 

Some of the virus particles of tomato bushy stunt, tobacco necrosis, 
and several other viruses which have been inactivated by ultraviolet 
light can be reactivated if the plants onto which they are inoculated are 
exposed to visible light soon after moculation ( Bawden and Kleczkowski 
1953, 1955) Exposing the inactivated virus preparations m vitro to visible 
light does not lead to reactivation Reactivation presumably occurs be- 
cause of some light sensitive mechanism in the host cells This effect 
wis not observed with TMV Irradiated preparations of this virus have 
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the same residual infectivity whether plants are placed m the light or 
the dark after inoculation 

Strains of TMV may show fairly marked differences in their sensi 
tivity to inactivation by ultraviolet light (Siegel and Wildman, 1954) 
Siegel et al (1956) studied the mactivation by ultraviolet light of a 
sensitive strain of TMV (Uj), a resistant strain (Uj), and preparations 
of mfectious nucleic acid made from these viruses The native viruses 
differed by a factor of five in sensitivity In contrast, the free nucleic acid 
from both strains had the same sensitivity as the intact sensitive strain 
Different preparations of reconstituted resistant virus had differing sensi 
tivities to ultraviolet light, but some were just as sensitive as the naked 
nucleic acid Siegel et al (1956) suggest that the differences in sensi 
tmty between the two strains are due to differences m the nature of the 
bonding between protein and RNA Other observations on these strams 
support the idea that the nucleic acid is more firmly bound to the protem 
m the resistant than in the sensitive strain The sensitive strain is also 


considerably more sensitive to heat denaturation than the resist int 
strain and the RNA from the sensitive strain is released more easily bj 
the heat detergent method of Fraenkel Conrat and Williams (1955) 
Few attempts have been made to obtain action spectra for the in 
activation of plant viruses by ultraviolet light The data of HoIJaender 
and Duggar (1936) show no peak of inactivating efficiency at wave 
lengths between 220 and 300 mju The curve rises steadily from about 
300 to 250 and then uses much more steeply to 220 irifi This result 
might suggest that neither the RNA nor tlie aromatic ammo acids are 
involved in the mactivation but rather that ahpliatic ammo acids and 
peptide bonds are involved As noted above, mtact TMV is more 
resistant to mactivation than the free RNA with some strains of the 


virus, while with others botli mtact vuus and free RNA have about the 
same' sensitivity Presumably with strains of the latter type the action 
spectrum would bear a fairly close relationship to the ultraviolet absorp 
tion spectrum of the RNA It may be that Hollaender and Duggar used 
a strain of virus m which tlie protein had a stabilizing effect on tlie 
RNA, and their action spectrum may be m part a refiection of this 
The mam value of action spectra has been to indicate the chemical 
nature of the material mvolved m mactivation With TMV the value of 
such mvestigations has been lessened by the direct demonstration of the 
infectivity of isolated HNA Nevertheless the determination of fairly 
precise action spectra for strams of TMV differing in tlieir stabilities to 
ultraviolet light, and of infections nndeio acid prepared from sue i 
strams might give some mformabon concerning the mliirc of the bond- 
mg between protein and UNA in the virus 
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B. Ultraviolet Light 

while the absorption of ionizing radiations is dependent only on die 
atomic number of the elements in the irradiated material, the absorption 
of ultraviolet light is very dependent on the chemical bonding in the 
material. Ultraviolet light is strongly absorbed by the purine and 
pyrimidine bases found in nucleic acids, there being a maximum ol 
absorption for RNA at a wavelength of about 260 m/r. Proteins also 
absorb m this region, but much less strongly and with a maximum at 
about 280 m,i. This type of inactivation has been used mainly for investi- 
gating events durmg the early stages of infection by viruses. The inacti- 
vation of viruses by nonionizing radiations has been recently reviewe 
( Kleczkowski, 1957 ) . 

Virus inactivated by ultraviolet light in vitro retains full serologic 
activity and the ability to crystallize, but shows some loss of stabiht)^ 
Oster and McLaren (1950) found that TMV that had been inactivated 
by ultraviolet light is more readily denatured by heating. 

Kleczkowski (1954) (using electron microscopy) showed that a high 
proportion of irradiated TMV particles had been aggregated side by 
side to form two-dimensional sheets, while in control preparations most 
particles were distributed at random. Kleczkowski suggested that irradia- 
tion leads to the formation of bonds between neighboring particles. 

TMV and tobacco necrosis virus which have been inactivated by 
ultraviolet light interfere with infection by normal TMV and to a lesser 
extent with infection by tomato bushy stunt virus and a tobacco necrosis 
virus (Bawden and Kleczkowski, 1953). In contrast, inactivated tomato 
bushy stunt virus causes no interference with infection by active bushy 
stunt virus or TMV The mechanism of this interference with active 
virus by inactivated particles is unknown. 

With some bacterial viruses, preparations that have been inactivated 
by ultraviolet light may give rise to new virus if they are inoculated at 
a high ratio of virus particles to bacterial cells. Bawden and Kleczkowski 
(1953) could find no evidence for this “multiplicity reactivation” phe 
nomenon with the plant viruses they studied. 

Some of the virus particles of tomato bushy stunt, tobacco necrosis, 
and several other viruses which have been inactivated by ultraviolet 
light can be reactivated if the plants onto which they are inoculated are 
exposed to visible light soon after moculation (Bawden and Kleczkowski, 
1953, 1955). Exposmg tlie inactivated virus preparations m vitro to visible 
light does not lead to reactivation. Reactivation presumably occurs be- 
cause of some light-sensitive mechanism m the host cells This effect 
was not observed with TMV. Irradiated preparations of this virus have 
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the same residual mfectivity whether plants irc phcid in the lifelit nr 
the dark after inoculation 

Strains of TMV may show fairly marked ddfcrtnccs m tlicir scnsi 
tivity to mactivaUon by ultraviolet light (SicgcI and Wildman 
Siegel et al (1956) studied the inactivation by ultraviolet light of » 
sensitive stram of TMV (U^), a resistant strain (Ui) and preparations 
of infectious nucleic acid made from these viruses The native viruses 
differed by a factor of five in sensitivity In contrast tlie free nucleic leid 
from both strains had the same sensitivity as the intact sensitive stram 
Different preparations of reconstituted resistant virus liad differing sensi 
tivibes to ultraviolet light but some were just as sensitive as llie iiakrd 
nucleic acid Siegel et al (1956) suggest that the differences in sensi 
twity between the hvo strains are due to differences m the nature of llie 
bonding behveen protein and RNA Other observations on these strains 
support the idea that the nucleic acid is more firmly bound to the protf m 
iQ the resistant than m the sensitive strain Tlic sensitive slrnri js also 
considerably more sensitive to heat dcnaturation than the resist int 
stram and the RNA from the sensitive strain is released mort eisily b> 
the heat detergent method of Fratnkel Conrat and Wilhims (lOj)) 
Fesv attempts have been made to obtain action spectri for ihi m 
activation of plant viruses by ultraviolet light The data of I loll lender 
Duggar (1936) show no pcalc of inactivating (fheiency at wtvi 
^gths between 220 and 300 mfi The c-urve rises steadily from tboiil 
to 250 m/i and then rises much more steeply to 220 in/ I1in result 
■^ight suggest that neither the RNA nor the aromatic amino acids ire 
involved m the mactivation but rather that ahphitic ammo icid> md 
Pephde bonds are mvolved As noted above intact IMV is rnon 
distant to inactivation than the free RNA with somi sir uni of thf 
sam^ '™de with others both intact virus and free RNA h ivi about the 
Presumably with strains of the latter typ< tlu iclion 
tion ^ fairly close relationship to the ultriviolit ib orj) 

a stram r ^ he that llollaendr r and Du^gir u f d 

R>I^ and 'vhich the protein hod a stibih/mg dfeet on tin 

"The ma^ spectrum may be m part a refieetion <i thii 

•mature of tlT action spcc-tra lias been to indic it< the chi mic il 

such invest! ° With iMV thr vahn of 

^fectivitv of^ ^ Icj/cntd by the direct df rnon tr itn n of th< 
precise action Ncverthelc % the (h termination of f dfly 

'Ultraviolet of TMV differing in th<h tibil/lh i to 

strams might infectious nuclrie leid priparwl from mh 
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Studies on the inactivation of viruses in vivo by ultraviolet light 
have been mainly limited to investigating changes in the sensitivity in 
the few hours followmg inoculation For the first hour or so after mocu a- 
tion to bean plants, tobacco necrosis virus is sensitive to ultraviolet 
inactivation After about 2 hours, the resistance to inactivation increases 
and continues to do so up to 15 to 20 hours (Bawden and Harrison. 
1955) After 4 hours, the ultraviolet inactivation curve appears to 
deviate from exponential form, suggesting that some infected cells 
contain more than one potentially infective particle. 

Siegel and Wildman (1956) distinguished four phases in the first 
4—7 hours following inoculation of Ntcotuina gluttnosu leaves with the 
sensitive U» strain of TMV In the Brst pliase, lasting about 2 hours at 
20°, the invading particle had about the same sensitivity to inictivation 
as the virus in vitro In the second phase of about hours duration, 
resistance increases with time Tlie third phase is a steady level o 
resistance mamtamed for about IV 2 hours at a level about times 
that of phase one In the fourth phase, a second rise m resistance occurs 
The duration of all these phases is shortened wlicn the temperature is 
raised to 30° Durmg the first three phases, tlie survival curve obtained 
when leaves are given a senes of doses of different amounts is exponen 
tial During the fourth phase tlie survival curve changes from exponential 
to one of a multitarget type A curve of tins type indicates the presence 
of more than one infective unit in each incipient local lesion Siegel and 
Wildman suggest that this phase corresponds to the first appearance ot 
new virus particles 

Siegel et al (1957) mvesligated tlie changes in resistance to ultra- 
violet irradiation of resistant and susceptible strams of TMV and or 
infectious nucleic acid prepared from tliese strams With whole virus 
the initial lag period of high sensitivity was 2i^ hours for the sensitive 
stram and 5 hours for the resistant In contrast, RNA from both strains 
behaved in the same way, there being very little or no lag before the 
onset of mcreasmg resistance This result supports the idea that at an 
early stage followmg inoculation with intact virus, the RNA is freed from 
its coat of protem 

The ability of visible light to reactivate a proportion of virus par- 
ticles after inoculation of an ultraviolet irradiated preparation was used 
by Bawden and Kleczkowski (1955) to study the process of infection by 
potato virus X m NtcoUana glutiriosa They could distinguish three 
changes of state m the invading particles in relation to reactivation by 
visible light In the first state which lasts 15-60 mmutes after mocula 
tion, exposure to visible light has no effect, and the number of lesions 
IS not increased In the second state which lasts 1-2 hours, particles may 
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be reacUvated by visible light If at the end of this period the leaf has 
not been exposed to visible light, the particles pass into the third state 
m which they can no longer be reactivated Bawden (1957) suggests 
that the first stage may represent the time taken for the particles to enter 
the host cell or some particular component of the cell This stage might 
involve separation of virus RNA from the protein The sensitive stage 
may represent a period when free nucleic acid is established m the 
superficial cells of the leaf The third stage may begin when plant 
nucleases irreversibly destroy the nucleic acid of the ultraviolet in 
activated particles 

Although these studies on ultraviolet inactivation m vivo provide 
clear evidence for changes m state of the invading particle, tliere are 
difficulties at present m giving a firm interpretation of the results The 
major difficulty is that normal leaf constituents absorb ultraviolet light 
and thus shelter the mvadmg particle from a proportion of the incident 
radiation The upper epidermis of N gluttnosa transmitted 25-40% of 
the incident radiation at 254 m/x (Benda, 1955} As an infecting virus 
particle or its nucleic acid moves more deeply into the epidermal cell, 
or from the epidermal layer into underlying tissues, it will become 
mcreasmgly protected from the applied radiation, and the rate of this 
movement is not known At the present tune it is only an assumption 
that the virus begins to multiply first in the epidermal cells If a propor- 
tion of the infecting particles becomes mcreasmgly resistant with time, 
there would be a tendency for the curves — ^relating fraction surviving to 
irradiation dose — to become nonlinear m such a way that higher doses 
give less inactivation than expected from the initial slope Some of the 
data given by Bawden and Harrison (1955) show this tendency 

Little IS Imown of the effects of ultraviolet uradiation m plants that 
have been infected with a virus for some time In tobacco plants sys- 
temically infected with potato virus Y, short exposures to ultraviolet 
irradiation inactivate most of the virus m the epidermis, but the bulk 
of the vmis m the leaf appears to be unaffected (Bradley. 1954, Bradley 
and Ganong, 1957) The aphid, Myzus persicae, picks up potato virus Y 
only from epidermal cells Aphids fed on infected irradiated leaves did 
not become infected, but mechanical inoculation tests using all the 
leaf tissues showed that tliere was httle reduction in the total infectious 
virus m the leaf 

C VmMe Light 

Since viruses do not absorb light m the visible region they are not 
greatly affected by it m any direct svay However, the presence of 
colored “sensitizing" materials in the medium may lead to maotivation 
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For example, TMV was inactivated by blue light (wavelength 430 m/i) 
in the presence of acrinavine (Oiler and McLaren, 1950). The inactiva. 
tion followed first order kinetics. Inactivation occurred in the absence 
of oxygen but was greatly increased by its presence. By contrast, in- 
activation by ultraviolet light is unaffected by the presence of oxygen. 
Combination between acriliavin and the virus appeared to be necessary 
for inactivation to occur, but the mechanism of the process is not known. 


D. Jjicorporrt/ion of P" into the Virus 
Bacterial viruses containing substantial amounts of P'* may become 
inactivated by the decay of the radioactive element within the vims 
particle. This is the so-called suicide effect. No detailed study of tliis 
type of phenomenon has been made with plant viruses. However, it has 
been shown that the presence of P^- in tobacco leaves at the time of 
inoculation can reduce the amount of TMV produced and suppress the 
development of systemic symptoms (Schlcgel et al, 1953). An activity 
of about 100 c.p.m./mg. fresh weight of leaf (or greater) significantly 
reduced the amount of vims found in systcmically infected leaves 10 
days after the plants were inoculated. Tlic e.xtcnt to which this reduction 
is due to inhibition of infection, rather than inhibition of multiplication, 
is not known, since the P** was allowed into the leaves almost im- 
mediately after inoculation. The presence of P^® in older leaves had 
much less effect on virus development tiian in younger leaves. Levels 
of P“ giving more than about 200 c.p.m./mg. fresh weight of leaf visibly 
inhibited terminal growth of stems and roots. Tlius, the margin between 
a dose of P®* giving vims inactivation and one damaging tlie host 
plant seems to be too small for this type of inactivation to have any 
value for freeing individual plants from vims infection. 


IV. Uluiasonic Vibration 

Takahashi and Christensen (1934) first showed that agitation of 
TMV with high frequency sound waves led to inactivation of the virus. 
The amount of inactivation increased with time of treatment. Liquid 
crystalline preparations of TMV immediately lose their birefringence 
on treatment. The ability to show anistropy of flow decreases and the 
proportion of small particles increases as the treatment is continued 
(Kausche et al, 1941). Osier (1947) followed loss of infectivity and 
change in particle size of TMV (using electron microscopy) with 
increasing time of treatment with high frequency sound waves. The 
number of rodlike particles about 280 m/x long decreased with time. 
At an early stage, particles about 140 m/x long increased in number 
and then later decreased. In the later stages shorter particles pre- 
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dominated The decrease in numbei of particles with a lengtli of 2S0 
mu was closely associated with the loss of infectivity These experi- 
ments provided supporting evidence for the now generally accepted 
view that the particle witli a length of about 300 is the infective 
unit of TMV 

It IS almost certain that tlie inactivating effect of high frequency 
sound waves is due to the breaking of the virus particle When highly 
aggregated preparations of TMV were given ultrasonic treatment they 
disaggregated at first mainly into rods of about 280 m/x m lengtli with 
an accompanymg increase in mfectivity, while more severe treatment 
led to further breakmg of the rods, with a loss of mfectivity (Newton 
1951) The results of Newton and Kissel (1953) who used higher 
frequency sound than Oster (1947) suggest that ultrasonic vibration may 
have a tendency to break the 280 m/x rods of TMV preferentially at a 
pomt about 175 to 205 m/x from one end 

The effect of some treatment on the RNA within the virus particle 
has not been investigated Presumably, when an intact particle is bro 
ken, the RNA is also likely to be ruptured at or near the pomt of 
cleavage of tlie protein Infective RNA prepared from TMV would 
probably be very sensitive to ultrasonic treatment The protein part of 
the virus is not denatured by such treatment in as much as it still com 
bines with TMV antiserum In fact, Malkeil (1947) showed that ultra 
sonic treated virus preparations combine with more antibody protein 
than do normal virus preparations He suggested that this is due partly 
to the increased virus protem surface exposed by sonic treatment and 
partly to the closer packing of antibody molecules on the smaller frag 
ments He found no evidence that new antigenic determinants are 
exposed by sonic treatment However, the preparations of normal TMV 
used by Malkeil for the immunization of rabbits probably contained 
a mixture of intact rods and smaller virus protem particles This question 
could well be reinvestigated using antisera prepared with TMV con 
sistmg as far as possible only of long rods and with a preparation of the 
virus protein subunits prepared by chemical means 

Desiccatiov 

Most viruses are inactivated if leaf tissue or sap containing the virus 
IS dned at room temperature However, McKinney (1947) found that by 
cutting leaves into small pieces and diymg tlicm rapidly at 1°. unstable 
viruses, such as cucumber mosaic and tobacco rmg spot, could retain 
mfectivity for more than a year provided moisture was excluded This 
method IS now widely cmploved for preserving cultures of some more 
unstable viruses 
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TMV IS outstanding m its resistance to desiccation However re 
peated wetting and drying may lead to a substantial loss of m ec ivity 

^^^Drymg over largdy destroys the ability of TMV to form liquid 
crystalline solutions, and greatly reduces the readmess wit w ic 
virus solutions show anisotropy of flow (Bawden and Pirie, ) 
Virus mactivated by drying differs from heat inactivated virus in 
it precipitates from solution with salt in a similar way to active 
The protein from virus inactivated by drymg is susceptible 
. by trypsin but the rate of hydrolysis is much slower than with heat 
mactivated virus On inactivation by drymg the RNA is not released rom 
the denatured protein, m contrast to heat mactivation where free 


IS obtamed 

Bawden and Pine (1937) found that there was much less mactiva 
non of purified TMV if drying was carried out slowly If, however, 
leaves or sap containing potato virus X are dried slowly, infectivity is 
lost When purified preparations are dried, some denatured, nuc eic 
acid free protein is produced but some active virus remains which can 
be isolated by centiifugation The amount of denaturation depends on 
the pH at which drying is carried out At pH 6 about half the prepara 
tion is denatured, while at pH 4 or pH 8 more than 90% may be os 
(Bawden, 1950) 

If solutions of purified TMV are sprayed onto a surface held at low 
temperature ( — 22 to —15®) and then freeze dried, many of the ro s 
are shattered mto small fragments (Rice, et at 1953) The mechanism 
of tins breakage is not known Many of tlie virus rods have a very similar 
appearance to virus which has been partly stripped of protem oy 
treatment with alkali Theie is the suggestion of a thm central threa 
connecting the fragmented pieces of virus rod In further studies on 
freeze dried virus, Rice et al (1956) showed that the short pieces o 
virus rod were not infectious, and they suggest that there was some loss 
of RNA from freeze dried virus when taken into solution 


VI High Pressukes 

Many proteins are denatured after being subjected in solution to 
pressures of 5000 to 10,000 atmospheres for short periods Basset ct ol 
(1938) found that TMV can witlistand a pressure of 6000 atmospheres 
for 15 minutes but that at SOOO atmospheres infectivity, serologic ac 
tivity, and ability to form paracrystals on the addition of salt are 
destroyed Tobacco necrosis virus was more sensitive, losing infectivity 
above 3000 atmospheres TMV was almost completely inactivated after 
a few minutes exposure to t pressure of about 7250 atmospheres (Laui- 
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fer and Dow 1940) Varying amounts of an inactive coagulum of protein 
are formed This material has a low phosphorus content suggesting that 
nucleic acid has escaped from the protem At 7500 atmospheres the 
formation of denatured protein appears to follow a first order reaction 
Tllus die effects of high pressures on the virus appear to be somewhat 
Similar to tliose produced by heatmg 

VII Aging 
A In vitro 

Viruses differ widely m the rate at which they become inactivated 
on It^dmg m o.lro at room temperature The mam processes involved 
m of inactivation are probably very similar to those concerned 

u ^ 1 vatinn at higher temperatures but they proceed more 

in and Y wLh lose mfectivity and serologic 

activity at about tl e temperature 

properties at a ou j tobacco necrosis viruses may 

V '?joIoL aXity for long periods although they lose infec 
retain full ^ J months on standing at room temperatures 

tivi J after a few weeks I, 

The conditions m jj^bihiy (Best 1937) Thus the results of 

a very „ of viruses on standing in expressed sap 

tests on the „£ the complexity of the medium Besides 

difficult to pH and oxidation effects virus may become 

slow thermal inactivatio p constituents enzymes m the sap 

combined and ffie growth of microorganisms may lead to 

may attack the vir Because of these difficulties most detailed 

stuts on"mactivation m o.tro have been made on purified 
preparations 

B In VIVO 

r 1 „ with some viruses such as TMV the virus con 
Following infection mfectivity per unit of tissue) rises to 

tent of the plant ( as J more or less steady level although 

a maximum and then re eially m new young growth However 

some fluctuations may oc grown at normal temperatures the 

with some viruses even m P ^ a very 

virus content rises to a tobacco plants are inoculated widi 

low level For example of the plant increases from about 

lucerne mosaic virus the moculation and then decreases 

the four* to plants mfected for 48 days may Imc 

rapidly (Ross 1941) P 
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less than 1% the infectivity of plants infected for 12 days The drop m 
mfectivity is not due to dilution of existing virus by new plant growth 
Ross found no evidence for the presence of inhibitors of mfectivity m 
the sap from old plants The reason for this loss of infective virus in vwo 
IS unknown but might be due m part to thermal mstabihty of the virus 
at normal growing temperatures 


VIII Hydrogen Ton Concentration 
All proteins and ribonucleic acids including viruses are disrupted 
by high or low hydrogen ion concentrations On the acid side tobacco 
rmg spot IS mactivated below pH 6 potato virus Y below about pH 4 5 
tobacco rmg spot virus below about pH 4 0 while TMV and tomato 
bushy stunt virus are stable to pH 2 and below Most viruses that have 
been studied appear to be stable up to about pH 8 but different workers 
have obtamed different results with the same viruses (eg Bawden and 
Pine 1940a Best 1936) Denaturation of potato virus X at pH 7 and 
37® IS accompanied by loss of RNA from the protein (Bawden and 
Crook 1947) Denaturation is prevented like heat denaturation b) 
normal sap constituents and by some other solutions containmg proteins 
The degradation of TMV under mildly alkaline conditions has been 
studied most recently by Harrington and Schacbman (1956) They m 
cubated TMV at pH 9 8 at various temperatures and followed the 
appearance of new components by analysis in the ultracentrifuge 
Temperature had a marked effect on the kind of products formed Of 
the many components they detected only two appeared to be true 
degradation products One was a protein with a molecular weight of 
about 10® and the other a nucleoprotem rodlike particle about one third 
the length of TMV The other components appeared to be formed from 
reaggregation of smaller degradation products They found that some 
particles with the physical cliaracteristics of TMV are completely re 
sistant to alkali under conditions where most of tlie virus particles are 
disrupted Harrington and Schachman did not characterize tlie RNA 
released under tlieir conditions when protein was stripped from tlie 
Mrus However it is certain tliat any RNA released m an infectious state 
would have been rapidly inactivated Infectious TMV RNA rapidly 
losts inftctiMtv on incubation at pH values outside the range pH 5-8 
(rritnkel Conrat ct al 1957) 

Biwdcn and Pine (1937) found that treatment of TMV with glacul 
atctic acid led to a separation of tlie RNA as a precipitate from the 
virus protein which remained m solution More recently the virus pru 
ttm produced bv tre itment with cold 67!S acetic acid Ins been shown to 
ln\c i sedimentation const int of 52 S (Tricnkel Count 1957) winch 
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suggests a particle size about the same as the protem suhunits produced 
by alkaline degradation. The nucleic acid ohtained hy this procedure 
has very low infectivity compared with preparations made by degrada- 
tion of virus under alkalme conditions. Dialysis of TMV solutions against 
0.02 M ethanolamine at pH 10.5 gives a fairly homogeneous protein of 
low molecular weight (Newmark and Myers, 1957). 

When turnip yellow mosaic vuus is heated between 37 and 50 
in solutions buffered near pH 7, the KNA fscapes from the protem 
shell and infectivity is lost (Lyttleton and Matthews, 1958) 

With the only examples that have been studied in any detail (TMV 
in acid and alkali and turnip yeUow mosaic virus near neuhali y), 
changes in hydrogen ion concentration lead to the removal of the vms 
Srom iti protecting coat of protem. The RNA so exposed is either 
1 j 4- nfpH Viv the treatment or, if still mfectious, is in a very 

“ Tt': “o'nSttn UinoryeT known whether this exposure of the 

vuus ^NA *s g Treatment of tomato bushy stunt and tobacco 
by mild acid 3 rapid loss of infectivity but 

necrosis vuuses at ® talhze are not affected until the pH 

serologic “^^“.‘(Bawdem 1950). It is not known whether the 
IS raised to 10 or above ^ ^ 

BNA escapes ™ aj , Jnip yellow mosaic vuus. Willi this 

vLs“die protein from which RNA had escaped could no longer be 
made to crystallize. 

IX Inorganic Compounds 

ciihcimces which inactivate viruses m vitro 
Many of the ““ 8 “ precipitants (Stanley. 1935). Some m- 

are oxidizing agents P 3 t the same time destroy 

organic substances ina tl ,3 ^^35 particle This section 

all other characteristic P inactivate viruses m vitro 

deals with some ot me effects on viruses of inorganic 

without total destruction, 
substances applied to the host plant 

A. Nitrous Acid 

icid under appropriate conditions can destroy 
Treatment with nitrous ^ TMV preparations without any ap- 

the infectivity of potato '’■ms - (Ba„dcn and Piric, 1936, 1937, Stanley, 
parent effect on serologic act y destruction of the virus. Stanley 

1936). Still more severe trea nitrous acid eliminated urluall) 

(1936) found tliat mild However, it may be that alter., lion 

all amino nitrogen t™"' ‘ ,ei„ plays httle part in the loss of m 

of these groups on the virus 1 
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fectivity Structural changes m the RNA would almost certainly be of 
much greater significance 

B Hydrogen Peroxide 

Careful treatment with hydrogen peroxide can also give nonmfec 
tious virus preparations with full serologic activity TMV is more re 
sistant than potato virus X to complete denaturaUon by this reagent 

C Iodine 

The reaction of TMV with iodine under appropriate conditions leads 
to the oxidation of ~SH groups to — S— S— m the virus protein, but not 
to loss of mfectivity Under somewhat more severe conditions (a higher 
concentration of iodine or higher temperature of reaction) the tyrosine 
groups are converted to dnodotyrosine and mfectivity is lost (Anson 
and Stanley, 1941) Presumably, inactivation is not due directly to a 
change m the tyrosine residues but to some other changes going on 
under the same conditions leading to inactivation of tlie virus RN 

D Saifs 

Neutral salts appear to have little permanent direct effect on most 
viruses that have been tested, although the presence of such salts m the 
moculum may affect the number of local lesions produced However, 
tobacco nng spot is inactivated by standing at 4® m 10% ammonium 
sulfate solution The mactivation is accompanied by loss of RNA from 
the protein (Stanley, 1939) Salts reduce mfectivity of viruses witi 
elongated particles by inducing end to end aggregation of the particles 
However the mfectivity lost m this way may be restored by such treat 
ments as very mild alkali Rolhamsted tobacco necrosis virus is made 
nomnfective by certain salts (eg, Af NaCl) Tlie virus is not disrupte 
and its serologic activity is unaffected (Bawden and Pirie, 1943) 

TMV IS split at room temperatures into denatured protein and free 
RNA by molar solutions of Sr(N 03)2 and to a lesser extent by SrCh 
Ba (NOs) , Ca (N 03 )z (Pme 1954) Sr (NOa)^ precipitates tomato 
bushy stunt vurus but does not separate the RNA from the virus protem 
No mfectivity measurements were made on the RNA produced but 
residual mfectivity, if present, would presumably have been rapidly 
lost 

Tile stability of infective preparations of TMV RNA xs markedly 
affected by ionic conditions m the medium in which it is incubated 
(Tracnkel Conrat ct al , 1937) Most of the mfectivity is lost on m^u 
bation at 36® for one hour in all salt solutions tested at 0 1 1/ concentra 
tion, but m 0 01 A/ buffers it was comparatively stable over tlio range 
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pH 46-92 In very low salt concentrations (0001 M), even less mfec 
tmty was lost On the other hand, very high salt concentrations ( 1/-2A/ ) 
had tile most marked protective effect, and m some experiments caused 
an increase m mfectivity over RNA which had been stored m a frozen 
state It was suggested that this protective effect was due to aggregation 
and precipitation of the RNA 

Zmc sulfate or zmc chloride at concentrations around 1/2000 greatly 
reduces the number of local lesions produced by TMV m N glutmosa 
leaves floated on solutions of tlie compound (Wemtraub et al, 1952) 
The treatment is effective when applied 6 hours after inoculation Zinc 
sulfate (1/500) had no detectable effect m vitro on tlie mfectivity of 
TMV Yarwood (1954) showed that when bean leaves which had been 
moculated with TMV are dipped in 001 to 0 03% solution of zinc sulfate 
for 10 mmutes, beginning 10 minutes after moculatxon, the number of 
local lesions produced is greatly increased campared with water controls 
However when Yarwood used the host and method of application of the 
compound used by Wemtraub et al, (1952), he confirmed that zmc 
treatments reduce the number of local lesions The reason for these two 
different effects is not apparent When sprayed on bean leaves before 
moculation, certam metal nitrates (Cs, Ba Al) increase the number of 
local lesions produced by a tobacco necrosis virus Others have little 
effect, but zinc nitrate causes a striking reduction (Matthews and 
Proctor, 1956) 

Stoddard (1947) stated tliat the virus causing X disease of peach 
could be mactivated m living peach buds by soaking buds in solutions 
of zmc sulfate Rumley and Thomas (1951) treated twelve mosaic 
infected carnation cuttings with a dilute solution of zinc chloride About 
half the plants developing from tliese cuttings appeared to be free of 
vu’us However, treatment with zinc salts does not appear to have be 
come an accepted practice for freeing peach and carnation material 
from these viruses 


X Organic Compounds 

In this section tlie m vitro and m vivo effects of some organic com 
pounds on viruses are summarized Tlie division between tins section and 
the next tivo is to some extent arbitrary In general, simple synthetic 
substances are dealt with here and metabolites and antimetabohtes 
in Section XI Tlie effects of more complex and often unidentified sub 
stances in plant extracts are discussed m Section XII 


A Urea 


Urea is a well known protein denaturant 
have been widely studied (Bawden and Pme, 


and its effects on viruses 
1937, Stanley and Lauffer, 
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1939) Bawden and Pine (1940a) showed that denaturation of four 
different viruses by urea is closely linked with loss of infectivity and sero 
logic acitvity With each virus, the reduction m infectivity is roughly 
proportional to loss of serologic activity The inactivation of potato virus 
X and TMV results in separation of RNA from tlie protein, and tlie 
products of denaturation are soluble m urea solutions With tomato 
bushy stunt and tobacco necrosis viruses the RNA remains with the 
protem and the denatured material is msoluble in urea 

B Formaldehyde 

Formaldehyde has been widely used as an inactivator for animal 
viruses and bacteria in the preparation of vaccines It is a convenient 
reagent for preparing noninfeclious virus without loss of serologic ac- 
tivity Ross and Stanley (1938) stated that TMV preparations which 
have been inactivated by treatment with formaldehyde at pH 7 can be 
partially reactivated by dialysis at pH 3 Inactivation is accompanied 
by a decrease m amino groups and a decrease m the number of groups 
reacting with Folm’s reagent at pH 77 (probably the indole rmg of 
tryptophan) They suggested that reactivation is accompanied by an in- 
crease in these groups Kassanis and Kleczkowski (1944) were unable 
to confirm the reactivation of virus, nor did they find any correlation 
between mactivation and groups giving the Van Slyke test for ammo 
nitrogen or reacting with Folm’s color leagent They found that TMV is 
mactivated by 2% formaldehyde at pH values between 3 and 7 5, tlm 
rate being slowest at pH 3 5 Inactivation could be stopped at any stage 
by dilution or dialysis 

The possibility that the RNA might be involved m the inactivation of 
TMV by formaldehyde was suggested by Fraenkel-Conrat (1954) on 
the basis of spectral changes he observed after the reaction of TMV witli 
the compound and because after treatment of intact virus he found 
about 0 8% formaldehyde m the RNA and only 0 05% m the protein 

From the results of kinetic studies on the loss of infectivity of TMV 
on treatment with formaldehyde, Cartwright et al (1956) concluded 
tliat inactivation of a single virus particle could be caused by reaction 
witli one molecule of formaldehyde Tlicy suggested that the groups 
most likely to be involved m the mactivation are the beta hydroxy 
g59UP'' serme and threonine, the hydroxy groups of nbose, and the 
z Xlic sta’P^ punne and pyrimidine rings 

affected by prepared from TMV was found to be very sensitive 

Wcimnkel Conra. inactivated by less than 1/lOOth the concentra- 
tion tc^ 36° intact virus (Staehelin, 1957) The greater 

^^001 M t 
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part of the formaldehyde is bound onto RNA in some reversible form 
and IS lost on dialysis A smaller amount is more firmly bound and the 
relative amount of tins matenaJ increases with the time of reaction 
Under conditions givmg partial inactivation of an RNA preparation 
only one formaldehyde molecule is bound per several hundred nucleo 
tides There was some indication that cross hnhmg of RNA molecules 
may occur following reaction with formaldehyde (Staehelm 1957) 

C Carbon Dioxide 

Raismg the level of carbon dioxide m the atmosphere reduces the 
susceptibility of bean plants to tobacco necrosis virus (fCalmus and Kas 
sanis, 1944) The treatment is effective if applied up to 2 hours after 
moculation, but at 4 hours has no effect The mechanism of this in 
hibition IS unknown Placing tobacco plants m 50% carbon dioxide had 
no effect on their susceptibility to potato virus Y mtrodueed by aphids 
(Bradley and Ganong, 1957) 

D Organic Acids 

Potato virus X loses almost all mfectivity, serologic activity and otlier 
characteristic properties when incubated with sodium citrate at pH 7 
and 37® (Bawden and Crook, 1947) In contrast, Rothamsted tobacco 
necrosis virus loses mfectivity but retains full serologic activity and the 
ability to crystallize wlien exposed to sodium citrate at pH values near 
neutrality (Bawden and Pine, 1950) The presence of citrate and 
probably some other organic acids may well be a factor leading to the 
inactivation of certain viruses m plant extracts 

Such acids may also play a part in limiting the establishment and 
multiplication of some viruses A range of organic acids at concentra 
tions around 0 1 ilf when sprayed on the leaves of bean plants before 
or up to about 2 hours after inoculation greatly reduces die number of 
local lesions produced by a tobacco necrosis vuus (Matthews and 
Procter, 1956) 

Substances like citric and succmic acids are known to form chelate 
complexes with certain metal ions The inhibitory effect of such acids 
could be annulled by the application of salts of certain metafs such as 
calcium and magnesium These effects suggest tint the tobacco necrosis 
virus hke some bacterial viruses may require the presence of certain 
metal ions for successful establishment However, Wiltshire (1956a, b) 
found no correlation bet%veen concentration of various organic acids 
(including citric acid) in bean leaves, and changes m the susccpUbihlv 
of the plants to tobacco necrosis virus 
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E Organic Solvents 

The protem o£ turnip yellow mosaic virus is 
denatured by 30% ethanol at pH 7 and room temperature ( 

Smith, 1949) With purified TMV at pH 7 m salt-free 
no precipitation of virus until the ethanol concentration is . 

80% Denaturation of virus proceeds slowly m 80% ethanol (B . 

Pirie, 1937) The presence of salt lowers the ethanol concentratio 
which virus precipitation occurs 


F Surface Active Agents 

Sodium dodecyl sulfate under mildly alkaline conditions can cause 
the separation of virus protem from RNA not only with TMV an po a 
virus X, but also with tomato bushy stunt virus (Bawden and i"in > 
1940b. Sreemvasaya and Fine, 1938) Under suitable conditions, tn 
products formed by the action of sodium dodecyl sulfate remain so 
ble in dilute salt solutions, although mfectivity is lost Treatment o 
TMV with sodium dodecyl sulfate under more closely defined . 

(pH 8 5-8 8 at 50® for a few minutes) has been found to yield 
preparations which retain about 1 to 5% of the mfectivity of undegra e 
TMV ( Fraenkel-Conrat et al, 1957) 


G Some Other Organic Substances 
Bawden and Pine (1940b) studied the effect of urethane, 
pyridme, picolme, lutidme, aniline, phenol, salicylic acid, and benzol 
acids on several viruses All the substances inactivated TMV, po a 
virus X, and tomato bushy stunt virus in neutral solution Dilute so u 
tions of these substances often acted merely as precipitating 
without causmg irreversible inactivation As with urea, inactivation 
TMV and potato virus X with these compounds leads to separation 
of the RNA from virus protein but no such separation occurs wi 
tomato bushy stunt virus Potato virus X is most sensitive and 
bushy stunt virus least sensitive to denaturation by these agents No 
of these inactivators gives an increased rate of denaturation on coo b 
below 20° as occurs witli urea 


H Synthetic Polypeptides 

Synthetic polypeptides built up from lysine inhibit the mfectivity 
of TMV (Stahmann et al, 1951) Such polypeptides combine wi 
and precipitate the virus from solution Free lysine causes no precipi 
tion (Burger and Stahmann, 1951) Tlie inhibitory effect on TM ^ 
creased with increasing average cham length of the synthetic polypepd 
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Burger and Stahmann (1951) suggested that the basic peptides com- 
bine with the virus protein by forming numerous ionic bonds between 
the oppositely changed virus and peptide 
I Dyestuffs 

Takahashi (1948), using detached N gfai.nosa leaves, found that the 
amount of TMV produced was reduced when leaves are floated on 
solutions containing malachite green Similarly, growth of virus tumors 
from Rumex acctosa L is mhihited by malachim green, methylene 
blue Id crystal violet (Niekell, 1951) Of 16 shoot tips from vuus 
X-mfected ^tatoes cultured on agar containing malachite 

\ wns siibseouently found to be free of vuus (Norris, 1953) 
ppm ) one was ,hoot to the treatment, but 

Norris “Ihribute ■ inHuence Thompson 

rnsrilsTt":' pXLts could he obtamed free of vuus 
’ , , ^ nf anical region of etiolated shoots, and it may 

0. X . . w., 

J Acndme Derivatives 

It also ‘ ® TMV from solution but the vuus is still m- 

^paflavin precipitates Th Smirnova, 1948) Acriflavine and 

fectious after didysis ( ^ ^ 

5-ammoacridme have no “ 

(Schlegel and Rawims, 1954) 

XI Metabolites and ANTiiiCTABOLiTES 

A Vitamins, Coevxymes, and Related Compounds 

rplitpd compounds have been tested as virus 
Very few [^und that thiamine causes no m 

inhibitors Richkoy et , K the amount of virus produced 

acuvauon of TMV m m ^ solutions of die compound, and the num 
m tobacco leaves cultu ser of otlier vitamins and related com- 
ber of lesions on „ several viruses (MatUiews and Smith, 

pounds had bttle or no effect o 
1955, Schlegel and Rawlins, a 

^ Plant GroivOi Regulators and Rotated compounds 

a r- ,Pt (1949) drew attention to the association in 
Limasset and Comuet t TMV with a high concentration 

tobacco menstems of “ 3 od Morel (1948) obtained results 

of auxm Augier ^ °''|,veloped m tobacco tissues with a high con- 
suggesting that less -ii 
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400 

,e„t of naphthalene acet. 

regulator type have been s /g;^tsky 1952. Kutsky and Rawlins, 

or^o mask pgS^^Nicll^ 1952. Nickell. 1950) 

1950. Lunasset et al . 1945. l^ocke, 


C Ammo Acids 

According to Richkov (1951), "me. 

glutinosa were mhibited by nor ®“ ’ f TMV m tobacco by the 

lysme, and cysteme, and the (1954) reported that TMV 

.’X., - - 

D isoleucine or n.i-benzoylalanme 

D Analogues of the Natural Purmes and Pijrm, dines 
In view of the vital role of the nucleic urter: 

there IS particular interest m the effects 0 comp analogues of 

fere with its syntliesis or functioning Ma y y inhibitory 

adenine, guanme, cytosine and uracil ’’t"'® ‘ and Smith, 

eSects on plant viruses (Kurteman c( «!, 1957, ana- 

1955. Schneider. 1954) Since the effects of purine 
logues on viruses and otlier biological ma erials “®®“ 1955, 

discussed in detail (Matthews, 1957, 1958b, Matthews and S , 

Smith and Matthews, 1957), we will consider only a few ot u 


points here , „ ^ ,n which the 

Interest has centered on two compounds— 8 azaguanme. m 
carbon 8 of guanme is replaced by niUogen, and 2 thiouraci 
the hydrovyl substituent in position 2 of uracil is replaceu oy 
Botli these compounds mlubit the development of .n^ews, 

den and Kassanis, 1954. Commoner and Mercer, 1951, . 

1953, Mercer ct a\ , 1953, Nichols, 1953, 1954, Russell and Trim, i 
when plants are sprayed witli solutions of tlic compounds be 
shortly after inoculation, or when inoculated leaves are floated on 
lions containing the compounds Botli analogues may cause s 
damage to the plant tissues, but 2 thiouracil is much more toxic 

8-azaguanmc Tp^iacs 

Both analogues are incorporated into the RNA of TMV when 
in which tins Mrus is multiplying are treated with the compou 
(jeener and Rossccls, 1953, Matthews, 19S1, 1956). 8 Azaguanme m 
replace about 32 of the guanme residues, while 2*thiouracil is incofp 
rated to an extent equivalent to about 3 to 102 of the virus uraci 
Tlic distribution of 2-llnouracil m TMV RNA relative to uraci 
bttn studied (Mandcl ct nl, 19o7) Tlic analogue appears to occup 
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certam terminal positions m the RNA chains with high frequency How 
ever, this problem requires remvestigation since certain apparent end 
groups in TMV RNA may be due to contamination (Reddi et al 

^^^Preparations of TMV and turnip yellow mosaic virus 

iLt) ar'^fTruriX— “ ^hX-™ 

ofTMV are puzzhng and requue further investigation (Jeener 1954 

1937, Matthews 1958b) mcorporated mto the RNA 

Another uracil ana ^ floated on solutions of the 

of TMV formed ” The analytical data suggest that 

analogue (Gordon and Stael / reolaced by 5 fluorouracil un 

about one third of ^ reduced by 50% No detailed 

der conditions where the yield analogue have yet been 

results on the ° Siehn (1958) state that such virus is as 

published but simUst explanation for the virus 

mfective as normal ^ ^5 8 azaguamne and 2 thiouracd 

inhibitory effects of comp mcapable of 

? ‘"ey lead to sulcient to explam the observed 

further replication This o Thiouracd treatment causes a marked 

effects on vnus .cids m tobacco leaves and this is 

rise in the levels of certam j (Porter and Weinstem 1957) 

associated with a decrease m assumption that synthesis of 

This effect could also be ®N?Ih.ned on^‘f 
host protem is dependent on 

corporation interferes „„pounds such as 8 azaguamne and 

However it may well ne m processes mvolved m virus 

2 tliiouracil also interfere m o become incorporated mto sol 

multiplication For example tney pp,ppounds such as guanosme 

uble nucleotides to form an ^ these more complex analogues 

triphosphate and undine ip ° 

may mterfere with norma p g ^bcation produced by 8 azaguamne 

The different effects on vims m P denend on the extent 


The different effects on well depend on the extent 

or 2 thiouracd m different “ by conversion to inert com 

to which the analogues are d ^ inhibitors As far as effects 
pounds or synthesized mto iM compounds undoubtedly shmv 

on different viruses are conceme ^ v.onfMiin dutmosa plants suitably 


some specificity 


ample 
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Sprayed with S-azaguanine are inoculated with a mixture of lucerne 
mosaic virus and potato virus X, the latter virus moves systemically as 
in untreated plants while lucerne mosaic virus multiplies to a limited 
extent in the inoculated leaves and does not move into the rest of the 
plant. The basis for this specificity is quite unknown. 

As the leaves on a normal plant approach senescence they usually 
become less susceptible to infection with a virus and multiplication in 
the leaf may be limited. With a virus such as lucerne mosaic in Nicotiana 
glutinosa, it may be that 8-azaguanine merely delays multiplication m 
the inoculated leaves long enough for the natural process of senescence 
to take over and permanently limit the spread of the virus. A similar 
situation is probably involved in the suppression by 2-thiouracil of a 
systemic necrotic reaction to TMV in certain tobacco varieties (Holmes, 
1955). 


XII. Substances from Organisms 

Extracts or fluids from many animals and microorganisms, as well 
as from higher plants, have been shown to inhibit infection by plant 
viruses. Many of the organisms known to give inhibitory extracts have 
been listed in a recent review (Bartels, 1955) and most of tliese will not 
be referred to here. 


A. From Animals 

A variety of fluids from animals have been found to inhibit infection 
by plant viruses (Bawden, 1950; Johnson, 1941; Smith, 1941). Tlie effects 
of certain enzymes and of normal and immune serum from rabbits have 
been studied in most detail. 

1. Rabbit Sera 

When viruses are mixed cither with normal serum from nonim- 
munized rabbits or with specific antisera prepared against them in rab- 
bits, the infectivity of the preparation is reduced. Chester (1931) sug- 
gested that the normal serum acts on the host plant while a specific 
antiserum acts directly on the virus, but later work suggests that botli 
effects of antiserum arc due to direct action on the virus. Kassanis (1913) 
found that with fresh sera the nonspecific effect was great and largely 
obscured the specific neutralization, while in old sera the specific effect 
predominated. The virus is not destroyed by mixing witli normal scrum 
or antiserum. With TMV, sonic infectivity is regained when mixtures 
arc diluted, and cnzjmalic hydrolysis of antibody protein leads to 
release of active virus from specific precipitates (Bawden and Fine, 
1937). 
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Rappaport and Siegel (1955). usmg an antiserum of high antibody 

content were able to distinguish clearly between the speciBc effect o 

antibody and nonspecific serum constituents on TMV Antiserum caused 

about 100 tunes more mactivation than normal serum The 

beLeen percentage survival and concentration of serum differed for 

^ , 1 Tlip inactivation by antiserum was very 

antiserum and normal serum llie mactivaiiuu y , 

ramd They found that half the activity of a TMV solution was lost io 

seLnds after miamg with antiserum but there was no further loss after 

“LrevTnce that the RNA of .ruses plays any part m ie 

combmation between antibody protem^a^^^^^^^ 

from TMV is little affected by TMV antiseru^^^^^^ 

the whole ™“^577folT Lt both normal and TMV antiserum fre 
Conrat ct al, (1957) louna RNA When y globulm 

quently cause some ^ " .veretsted RNA activity 

fracbons of botli ^der conditions where whole TMV was 

was not results strongly suggest that anUbody protem 

largely macbvated Their res uidnectly through some effect on 

inactwates the virus ^-o \af ”Ot 

the host plant It may be that h pjotem at an early 

protem prevents effective release of RNA from P 
Stage in virus establishment 

2 Pancreafio flihonucte f,„ly concentrated solu 

When pancreatic "bonuclease ^ complex separates 

Rons of TMV m the absence particles contammg about 

from solution m the form ° enzyme complex is non 

14% nbonuclease (Lormg bv dilution to give fully active 

mfective but can be rea ^ y ’ for any enzymatic breakdown of the 
virus Lormg obtamed no evi en increase in the degree of 

virus by nbonuclease since enzyme mixture He suggested 

inactivation on mcubation ot tne combina 

that inactivation of the benveen virus and enzyme m 

tion of enzyme with virus isoelectric point of TMV 

neutral solution would be is about pH 80 A number 

IS about pH 3 3 while ^„binat.on between enzyme and virus 

of Observauons suggest ““ “« causing the inactivation 
may not be of ma,or ™P°f virus Lormg (1942) found a 

For a given mixture ™^g;.HVity tests were made on Fhaseolus 

much greater maetivationwhm Th,s might .dicate (a) 

vulgaris compared with *ri plant or (b) that N gum 

some effect of nbonuclease the nonmfeeUve complex 
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sprayed with 8 azaguanme are inoculated with a mixture of lucerne 
mosaic virus and potato virus X, the latter virus moves systemically as 
m untreated plants while lucerne mosaic virus multiplies to a limited 
extent m the inoculated leaves and does not move into the rest of the 
plant The basis for this specificity is quite unknown 

As the leaves on a normal phmt approach senescence they usually 
become less susceptible to infection with a virus and multiplication m 
the leaf may be limited With a virus such as lucerne mosaic m Nicohflnfl 
glutmosa it may be that 8 azaguamne merely delays multiplication m 
tlie inoculated leaves long enough for the natural process of senescence 
to take over and permanently limit the spread of the virus A similar 
situation is probably involved in the suppression by 2 thiouracil of a 
systemic necrotic reaction to TMV in certam tobacco varieties (Holmes 
1955) 


XII Substances from Organisms 

Extracts or fluids from many animals and microorganisms as well 
as from higher plants have been shown to inhibit mfection by pl^^ 
viruses Many of the organisms known to give inhibitory extracts have 
been listed m a recent review (Bartels 1955) and most of tliese will not 
be referred to here 


A From Animals 

A variety of fluids from animils have been found to inhibit infection 
by plant viruses (Bawden 1950 Johnson 1941 Smith 1941) The effects 
of certain enzymes and of normal and immune serum from rabbits 
been studied in most detail 

1 Rahhit Sera 

^VIlen viruses are mixed either with normal serum from nontm 
munized rabbits or with specific antisera prepared against them m ri 
bits the infectivity of the preparation is reduced Chester (1931) sng 
gested that the normal serum acts on the host plant while a specific 
mtisenim acts directly on the virus but later work suggests tint botb 
effects of antiserum arc due to direct action on the virus Kassanis (1913) 
found that wilh fresh sera the nonspecific effect was great and large!) 
obscured the specific neutralization while m old sen tlie specific effect 
predominated The vinis is not destroyed by mixing with normal serum 
or antiserum Witli TMV some mfcclivily is regained wlicn mixtures 
ire diluted and cnznnatic hvdrolysis of antibody protein leads to 
release of acluc virus from specific precipitates (Biwden and Pmie 
1937) 
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j »Vinra Hi 1 160011(1 dTOD of uifcctivity ll 
upon the addition (Bawden and Pine. 1936) This 

conditions are suitable . 5 g„logic activity and destruction 

second drop is accompanied by pnmbme witli trypsm, but 

o£ the virus Both TMV and ^y 

the virus enzyme “^P'T' “ J as effective as ribonuclease in m 

1944) Trypsm is only about 1/lMlh ^ confimmant m 

hibitmg these viruses Ribonuc ^ presence of this 

many preparations of „ie motivation of viruses by trypsm 

enzyme plays an important p 

preparations y. „ndf*r suitable conditions leadmg 

Pepsm hydrolyzes potato (Bawden and Pirie, 1936) 

to loss of mfectivity and ser ^ TMV» and docs not combine 

This enzyme has little TMV protein is however, 

With it (Kleczkowski 19-14; 
hydrolyzed by the enzyme 

4 Extracts of Insects potent 

Extracts from the „,,i .pBere seems to be no association 

mhihitors of infection I j^oh inhibitors and the abihty of 

between the presence or absen toj^en m by 

an msect to transmit a P«‘‘“' suppose that it would come m 

an mtact msect there is " ‘ j macerated tissues None of tlie 

contact with substances identified The ability of 

inhibitors from insects “PP® mliibit mfection by TMV was not 

]uice from a clover leaf -j^oyed by heating and strong acids or 

affected by dialysis but was <1 ^ ^ protein (Black 

bases This suggests that the m 
1939) 

B From Microorganisms 

, apvelooed for use against bacterial diseases 

Most of the viruses but no substantial effe^ have 

have been tested against p pgsi Kirkpatrick 

been obtained with any p Hon 1952 Manil 1947) 
and Linder Buie ^y^t^^aUe search for new antibiotic 

So far there has bee I « ^ ^ ^^port (Gray 1957) 

specifically active ‘ ,th one such compound which was named 

(Ssaibes preliminary ^ ^ the leaves near the time of mo^Ia 

cytovmn This f [“Jal lesion production by Southern bean 

tion completely ea^^anir'and by TMV on Nicotiam riistica 

mosaic virus on Pinto bean p ^ prevented 

Development of tested the culture filtrates from 49 

Gupta and Fnce (1959 
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Casterman and Jeener (1955, 1957) infiltrated tobacco leaves with 
a dilute solution of ribonuclease Infiltration before inoculation blocked 
development of TMV on tobacco Infiltration after inoculation was pro 
gressively less effective up to 2 hours, and at 6 hours had no effect In 
leaves that were merely dipped m an enzyme solution for one hour 
and then washed off before inoculation, virus multiplication occurred 
normally 

Reversible oxidation of nbonuclease by hydrogen peroxide sup 
pressed both its enzymatic activity and its ability to inhibit TMV 
mfection, but left its power to combine with TMV unimpaired Caster 
man and Jeener (1957) suggested as an alternative to inactivation 
through complex formation, that TMV might pass through an initial 
stage durmg which its RNA is susceptible to the action of nbonuclease 
This idea receives support from the fact that TMV RNA stripped of 
protem is capable of mfection, and that such naked RNA is extremely 
susceptible to mactivation by nbonuclease (Fraenkel Conrat et 
1957, Gierer and Schramm, 1956) Concentrations of the enzyme 100^ 
fold higher than those mactivatmg RNA had no effect on mtact TMV 
Pancreatic deoxyribonuclease and trypsin both inactivated TMV RNA 
at concentrations 100-1000 times higher than that at which ribonuclease 
was active These activities were stable to heating at 90® For this 
reason tlie activity of deoxyribonuclease and trypsm preparations w'S 
attributed to contamination with small amounts of ribonuclease 

Infectious RNA prepared from TMV is also extremely susceptible to 
enzymes (presumably nucleases) which are released when leaf cells are 
broken durmg the inoculation process By dippmg an moculabon pad 
or spatula that has already been used to rub a leaf into an moculum 
containing free infectious RNA, sufiBcient enzyme may be introduce 
to cause rapid inactivation 

3 Proteolytic Enzymes 

Trypsin has no proteolytic action on some viruses (eg TMV) 
it degrades the protem of otliers (eg, potato virus X) Stanley (1934) 
showed tliat loss of mfectivity occurs immediately on mixing TMV an 
trypsm Virus activity is lost at pH values where trypsm is not proteo 
lytically active, and no further loss of activity occurs when conditions 
are made suitable for proteolysis Stanley showed that mfectivity couM 
bo regained by diluting tlie virus enzyme mixture, or by digestion wit i 
pcpsm Stanley (1934) suggested tliat trypsm affects the resistance ot 
the host and has no direct effect on llie virus 

The mfectivity of potato virus X preparations is reduced immediate y 
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plant viruses and host species, Gendron and Kassanis (1954) found that 
the extent to which inhibitors decrease tlie number of local lesions pro- 
duced IS independent of tlie virus tested and depends only on the species 
on to which the virus is inoculated 

Sap from species of Phytolacca, is one of the most potent inhibitors 
known from higher plimts and is one of the few whose chemical nature 
has been determined Kassanis and Kleczkowski (1948) isolated the 
inhibitor from sap of P esculenta and found it has the composition ex- 
pected for a glycoprotein The glycoprotein has an isoelectric point near 
pH 7, and can combine with TMV Under appropriate conditions it 
precipitates the virus as paracrystalUne threads, and can also precipitate 
tomato bushy stunt virus The glycoprotein causes an immediate reduc 
tion m mfectivity wlien mixed with TMV and several other viruses The 
infectivity of such mixtures are regained on dilution Loss of mfectivity 
IS not associated with a fixed combining raho between virus and glyco- 
protein On an equal weight basis the glycoprotein preparations are 
about as effective as nbonuclease in mhibitmg TMV 

The mechanism of virus mhibition by the glycoprotein is not known 
It is possible that the combination with virus plays some part, but some 
other proteins such as clupein and globm which can combine with and 
precipitate TMV have very much less inactivating power ( Kleczkowski, 
1946) 

There is no evidence diat a plant species vvZuch gives a highly 
inhibitory sap, is m any way protected from virus infection in nature 
Many rosaceous species are commonly infected with a range of viruses, 
and yet extracts of these plants are usually potent virus inhibitors Water 
extracts from macerated leaves, stems, or roots of strawberry plants con 
tarn sufficient tannins to precipitate all the plant proteins in the extract 
(Bawden and Kleczkowski, 1945) If this precipitate is removed, the 
supernatant fluid still contams enough tannm to precipitate added TMV 
and render it noninfective for Nicofiana glutmosa Unhke many other 
inhibitors of mfectivity, tannic acid has no effect when rubbed on the 
leaves immediately after inoculation (Thresh 1956) and a treatment 
with the compound before inoculation has little effect if the leaves are 
washed with water betNveen treatment and inoculation with virus 
Tannins do not alwavs give maximum inhibition immediately after mix 
mg with the virus There appears to be no specifity in their action for 
they inhibit all the vunses that have been tested, irrespective of the 
host species used for inoculation Thus, it appears likely that tannins 
may cause inhibition of infection by acbng directly on the virus Tliresli 
(1956) discusses various ways in which tile mhibitory effects of tanmns 
may be partially avoided 
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fungal species and found that filtrates from Trichothecium roseum and 
Neurospora sitophila were the most inhibitory Bawden and Freeman 
(1952) have shown that two substances are involved Most of the m 
hibition IS due to a polysaccharide which contains n-galactose as the 
main component sugar This polysaccharide does not precipitate TMV 
nor combine with it to form a soluble complex It is effective if sprayed 
on the leaves before inoculation but not afterward 

The other inhibitor was identified as tnchothecin (an ester of iso- 
crotonic acid with the ketonic alcohol trichothecolone) which is also an 
antifungal substance This mhibitor was effective if sprayed on the leaves 
not more than 2 days before or not more than one day after inoculation 
In contrast to tnchothecin, trichothecolone and acetyltrichothecolone 
were more effective m preventing infection of N glutinosa than of beans 
These two derivatives damage N glutinosa but not bean leaves, while 
the reverse situation holds with tnchothecin The relative efficiency of 
the inhibitors depends on the species of host plant moculated rather than 
on the virus This result might suggest that the inhibitors affect the host 
plant directly rather than the virus However, m the absence of aoy 
evidence concerning the action of the host plant on the substance applied 
it is difficult to draw any definite conclusion about the mode of action of 
these substances The compounds applied to the leaf might be converted 
by particular host species either to inert substances or to active mhibitors 
acting directly on the virus 

Bradley and Ganong (1957) found that spraying tobacco plants wiffi 
concentrations of tnchothecin which caused no obvious damage could 
protect most plants against infection by aphid-borne potato virus Y 


C From Higher Plants 

Tlie sap from many higher plants contains substances which inhibit 
infection by plant viruses The unsuspected presence of such inhibitors 
has often led to mistaken ideas concerning the host range and trans 
missibility of particular viruses Where a virus is known to infect only 
host species containing high levels of inhibitor, its presence may greatl) 
complicate the isolation and purification of the virus In general, inhibi- 
tors present m sap from a particular species are effective only when the 
virus IS being inoculated to other host species For example, cucumber 
mosaic virus can be transmitted meclianically from one Phytolacca plant 
to another, but not from Phytolacca to tobacco Sugar beet mosaic an 
cucumber mosaic Miaises can be transmitted mechanically from infcctc 
to healthy beet, but not from beet to tobacco, when undiluted sap 
used, but cucumber mosaic can be transmitted if the beet sap is diluted 
1/10 \Mth uatcr (Bhargava, 1951) In a systemic studv with several 
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plant viruses and host species. Gendron pro‘ 

the extent to which inhibitors decrease ® ^ 1 (he species 

duced IS independent of the virus tested and depends oniy 

on to which the virus is inoculated potent inhibitors 

Sap from species of whose chemical nature 

known from higher plants and is ^zkowski (1948) isolated the 

has been determined Kassanis and composition ex 

inhibitor from sap of P esoulanta and found it 

pected for a glycoprotein The g yrapro^^^^^ appropriate conditions it 
pH 7, and can combine with (breads, and can also precipitate 

precipitates the virus as paracrys causes an immediate reduc 

tomato bushy stunt virus The g several other viruses The 

tion m mfectivity when mixed wi dilution Loss of mfectivity 

mfectivity of sudi mixtures are between virus and glyco- 

IS not associated widi a “.jj® glycoprotein preparations are 

protem On an equal weight mhibiting TMV 

about as effective as ribonuc glycoprotein is not known 

The mechanism of virus plays some part, but some 

It IS possible that the combmation which can combme with and 

other proteins such as clupein an g power (Kleczkowsfa, 

preeipitate TMV have very much less 

1946) , , ^ .„t species which gives a highly 

There is no evidence tliat a P infection m nature 

inhibitory sap, is in any P' jy mfected with a range of vi^sos. 
Many rosaceous species are M potent virus inhibitors Water 

and yet extracts of these plants strawberry plants con- 

extracts from macerated leaves, s . protems in the extract 

tain sufficient tannins to ,, jf p„s precipitate is 

(Bawden and Kleczkowski, 194t.l precipitate added TMV 

supernatant fluid still “ntams enoug UnUke many other 

and render it noninfective for when rubbed on the 

mliibitors of mfectivity, ““po (Tlnesli, 1956) and a treatment 

leaves immediately after Jhas Uttle effect if die leaves a^e 
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washed witli water ,pmum inhibition immediately 
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Chloroplast suspensions prepared from various plants mcluding 
species of Nicotiana may reduce mfectivity when mixed with TMV 
preparations (Chiba and Tommaga, 1952) The inhibitory activity is 
destroyed by heating 

Sill and Walker (1952) studied the distribution of an inhibitor of 
cucumber mosaic virus in extracts of cucumber plants They found it 
m all parts of the plant except possibly the corolla Extracts from the 
green areas of leaves showing mottled symptoms due to the virus are 
much more inhibitory than yellow areas which contained high concen 
trations of infective virus There is a rough correlation between the 
amount of chlorotic tissue (in which mhibitor content is low) and the 
degree of resistance of the cucumber variety However, there is no direct 
evidence that the presence of the inhibitor in the extracts has anything 
to do with the resistance of the plant to the virus 

Sap from spinach plants contams at least two kinds of substance 
which can inhibit infection by a number of viruses (Kuntz and Walker, 
1947) Extracts from varieties of spinach which are resistant or sus 
ceptible to cucumber mosaic contamed about the same amount of 
inhibitor for the virus when tests were made on virus in Nicoticno 
gluhnosa sap inoculated to cowpea (Pound and Cheo, 1952) 

Most viruses are not transmitted through the seed, and it has been 
suggested that this may be due to the presence of mhibitors For 
example, Cheo ( 1955 ) found that in the sepals, petals, and young fruits 
of bean plants infected with Southern bean mosaic virus there is as lugh 
a concentration of virus as m the leaves As the seed matures tlie virus 
content of the embryo mcreases while that of the seed coat and pod 
decreases As dehydration of the seed occurs, virus m the embryo is 
rapidly inhibited Crude extracts of bean seed contained a heat stable 
mhibitor of the virus, and there was more active mhibitor in old than 
immature seeds 

Crowley (1955) found virus inhibitors m tobacco and cucumber 
seeds which are probably protein m nature He considered that these 
inhibitors have Uieir effect only on the plants used to test for the pres- 
ence of virus, and are probably of no significance m preventing virus 
transmission through the seed Experiments on tlie significance of in- 
hibitors in plant extracts may be further complicated by tlie presence 
of both mlubitory and stimulatory substances m the same extract (Benda, 
1956) 

Virus inactivators present m the host tissues or appearing when tlic 
tissues arc disrupted may complicate studies on the properties of purified 
virus preparations. Tins possibility is well illustrated by the system m 
tobacco leaves which can inactivate Rothamsted tobacco necrosis virus 
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Chloroplast suspensions prepared from various plants mcludmg 
species of Nicotiana may reduce mfectivity when mixed with TMV 
preparations (Chiba and Tominaga, 1952) The inhibitory activity is 
destroyed by heating 

Sill and Walker (1952) studied the distribution of an inhibitor of 
cucumber mosaic virus in extracts of cucumber plants They found it 
in all parts of the plant except possibly the corolla Extracts from the 
green areas of leaves showing mottled symptoms due to the virus are 
much more inhibitory than yellow areas which contained high concen 
trations of mfective virus There is a rough correlation between the 
amount of chlorotic tissue (in which inhibitor content is low) and the 
degree of resistance of the cucumber variety However, there is no duect 
evidence that the presence of the inhibitor m the extracts has anything 
to do with the resistance of the plant to the virus 

Sap from spinach plants contams at least two kinds of substance 
which can inhibit infection by a number of viruses (Kuntz and Walker, 
1947) Extracts from varieties of spinach which are resistant or sus 
ceptible to cucumber mosaic contamed about the same amount of ^ 
inhibitor for the virus when tests were made on virus in Nicohflnti 
glutmosa sap inoculated to cowpea (Pound and Cheo, 1952) 

Most viruses are not transmitted through the seed, and it has been 
suggested that this may be due to the presence of inhibitors 
example, Cheo (1955) found that m the sepals, petals, and young fruits 
of bean plants infected with Southern bean mosaic virus there is as high 
a concentration of virus as in the leaves As the seed matures tlie virus 
content of the embryo increases while that of the seed coat and pod 
decreases As dehydration of the seed occurs, virus m the embryo is 
rapidly mhibited Crude extracts of bean seed contained a heat stable 
inhibitor of the virus and there was more active inhibitor in old than 
immature seeds 

Crowley (1955) found vims inhibitors in tobacco and cucumber 
seeds winch are probably protein m nature He considered that these 
inhibitors have their effect only on the plants used to test for the pres- 
ence o vims, and are probably of no significance in preventing virus 
transmission through the seed Experiments on the significance of m 
hibitors in plant extracts may be further complicated by tlie presence 
ot both inhibitory and stimulatory substances in the same extract (Benda, 
19o6) 

Virus inactivators present m the host tissues or appearing when the 
tissues are disrupted may complicate studies on the properties of purified 
virus preparations Tins possibihty is well illustrated by tlie system m 
tobacco leaves which can inactivate Rothamsted tobacco necrosis virus 
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and potato virus X, which are easily transmitted by mechanical means, 
inactivation in vitro by acids, bases, detergents, or substances such as 
formaldehyde are used to limit contamination of glasshouses, tools, etc 
Inactivation of virus by chemical means within the plant has not yet 
achieved practical use There are several situations where such control 
would be most useful In field crops subject to severe virus infection, a 
chemical means of protection would be of great value For example, 
sugar beet is regularly infected by the serious yellows disease Much of 
the loss of yield due to this virus oceurs late m tlie growing season A 
spray treatment which delayed disease development for only a few 
weeks would be useful Stocks of many economically important plants 
are completely infected with viruses Chemical treatment to free indi- 
vidual plants of the viruses would enable nucleus stocks of virus free 
plants to be built up In such treatments severe but temporary damage 
to the host plant would not be important There are several claims for 
such cures but none of these appears to have been adequately confirmed 
For freeing plants from virus infection heat treatment at present offers 
much better prospects of success and is already in use both to establish 
virus free lines of particular varieties of a crop (eg, strawberries) or as 
a routine measure for vegetativcly propagated material to be planted 
in the field (eg, sugar cane). 

Recent work has demonstrated the vital role of RNA for the infec- 
tivity of viruses In the following summary of the effects of various 
inactivating agents it is assumed that most operate directly or indirectly 
on the RNA of the virus 

1 In vitro inactivation 

a Direct effects on the UNA 

(i) Radiations such as X-rays and ultraviolet hght appear to act 
directly on the RNA within the intact virus particle It is likely that 
mactivation by X rays involves rupture of the polynucleotide chains, 
and that one such break widim a particle is sufiBcient to inactivate it 
« u' under appropnate conditions may inactivate certain 

spherical” viruses such as tomato bushy stunt without any detectable 
alteration to the protein part of the virus, and as far as is known without 
release of RNA from the virus Presumably such treatment causes some 
disorganization of the RNA within the virus particle With tlie rod 
shaped viruses, heat mactivation is more closely associated with dis 
organization of the virus protem 

(ill) Some chemical reagents (eg, formaldehyde) may inactivate 
mtact virus particles by combmmg directly with certain vital groups 
m the RNA. 
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b Indirect effects on the RNA It seems very likely that a major 
function of the virus protem is to protect the RNA Many mactivatmg 
agents such as heat, mild alkali, or enzymes cause destruction of the 
protem or remove it from the RNA Such removal of protein m solution 
at normal temperatures would lead to rapid thermal macUvation even 
if the treatment m question had no direct effect on the RNA For 
example, the protein of potato vims X is hydrolyzed by certain proteo 
lytic enzymes Such enzymes presumably have no direct effect on the 
RNA (unless the preparation is contammated with nuclease activity) 
but the RNA would be rapidly inactivated in solution at room tempera 
tures once the protectmg protem is removed 

c Substances combining with the mrus Many mhibitory substances 
can combme with virus m vitro without causing any irreversible change 
in the virus It has often been suggested that such combination is in- 
volved m the mhibition but there is no good evidence m most instances 
The combmatiou of specific antibody protem with the virus is perhaps 
the only example where it is at present reasonable to assume that the 
combination is essential for the inhibition It has been suggested that 
the antibody protein prevents attachment of the virus to some specific 
receptors m the cell There is, as yet, no evidence for the existence of 
such receptors for plant viruses, and an alternative possibility is that 
the antibody prevents the release of the RNA from tlie virus protein at 
an early stage of mfectiou If either of these ideas is correct, the virus 
particle is presumably not destroyed on moculation to a leaf and could 
be recovered, at least with some viruses such as TMV 

2 In VIVO inactivation 

a Inhibition of virus establishment 

(i) Xilling of wounded cells It has been suggested that some 
mhibitors such as those m certam extracts from plants may loll cells 
which are wounded at the time of moculation and thus prevent virus 
establishment This possibility has not yet been demonstrated for any 
treatment 

(it) Sequestration of some factor esseabal for virus establishment 
With the T5 bacterial virus calcium ions are necessary for the release 
of tlie nucleic acid mto the host cell Experiments with organic acids 
and metal ions suggest that certam plant viruses may also require Uie 
presence of metal ions for successful establishment, and tliat certain 
substances may prevent infection by the sequestration of sucli ions 
(m) An early stage m virus establishment probably involves release 
of the RNA from the protem of the invading particle The inhibition of 
virus establishment by nbonucleasc may well involve attack by tlic 



496 


«. n. F. MATniEWS 


and potato virus X, which are easily transmitted by mechanical means, 
inactivation in vitro by acids, bases, detergents, or substances such as 
formaldehyde are used to limit contamination of glasshouses, tools, etc. 
Inactivation of virus by chemical means within the plant has not yet 
achieved practical use. There arc several situations where such control 
would be most useful. In field crops subject to severe virus infection, a 
chemical means of protection would be of great value. For example, 
sugar beet is regularly infected by the serious yellows disease. Much of 
the loss of yield due to this virus occurs late in the growing season. A 
spray treatment which delayed disease development for only a few 
weeks would be useful. Stocks of many economically important plants 
are completely infected with viruses. Chemical treatment to free indi- 
vidual plants of the viruses would enable nucleus stocks of virus-free 
plains to be built up. In such treatments severe but temporary damage 
to the host plant would not be important. There arc several claims for 
such cures but none of these appears to have been adequately confirmed. 
For freeing plants from virus infection heat treatment at present offers 
much better prospects of success and is already in use both to establish 
virus-tree lines of particular varieties of a crop (c.g., strawberries) or as 
propagated material to be planted 

in the field (e.g., sugar cane). 

Recent work has demonstrated the vita! role of RNA for the infec- 
following summary of the effects of various 

on the RnI of fte 
1. In vitro inactivation 

a. Direct effects on the RNA 
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enzyme on the naked RNA at a stage before virus multiplication has 
begun. 

b. Inhibition of virus increase. With bacterial viruses where a single 
cycle of virus multiplication can be studied it has frequently been 
possible to relate the inhibitory eifects of a treatment to some definite 
step in virus multiplication. With plant viruses, however, very little is 
known either about tlie way the virus multiplies or about the mechanism 
y which inhibitors interfere witli the process. Some treatments may 
block the formation or utilization of components essential for virus 
synthes^ but there is no definite evidence that such interference does 
occur. ^ e only change in the virus known to accompany an inhibition 
^ increase is the incorporation of purine and pyrimidine analogues 
mto the virus RNA. Such analogues could inhibit virus multiplication 
through the fonnation of nonfunctional RNA, but this may not be the 
only way in which these compounds act. 

0 . Inactivation of existing virus. Holding plants at high temperatures 
I ^activation and destruction of existing virus but the 
mvolvP 5 \ ^ which this takes place is unknown. It almost certainly 

plant nucIPTCPo t protein with its subsequent destruction by 

violet liffht nrnVt of VITUS m vivo by radiations such as ultra- 

tion of inhibitorJ^ aspects of plant virus research, further investiga- 

be greatly facilit ^ establishment and multiplication would 

ceuf development of a system where all or most 

^ultaneously. and J single cycle of vuus 

unwary^anaiS* frn” inacHvalion there are many pitfalls for the 
nucleases to^green ^erw?* h**” preparations which contain 

such investications: mask disease symptoms. Nevertlieless, 

structure and biologi'cd tc'uvit^" T”'* information about the 

more fruitful in the future A 

is now widely appreciated.’ ® 
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I iNTRODUenON 

Two matters appear to be of prime importance m the physiology of 
fungitoxicity The first concerns the ways that fungus cells are affected 
by fungicides and the second involves the factors responsible for selective 
action of fungitoxic compounds The two are related and must be dis 
cussed together because the same kinds of cellular structures and 
physiological processes are often involved m both It will be tlie object 
S07 
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toxicity of Bordeaux mixture and of other copper fungicides presumably 
by increasing their solubility. Guttational or meteoric water at most must 
play only a supplemental role in mobilization of Bordeaux deposits 
because on glass slides in the laboratory dried deposits of Bordeaux 
mixture are toxic to spores applied in drops of distilled water (McCallan, 
1949). 

On glass slides, and possibly also on foliage, secretions from spores 
may be important in mobilization of insoluble copper fungicides. Mc- 
Callan and Wilcoxon (1936) showed that secretions from fungus spores 
increase the toxicity of Bordeaux deposits and that those spores most 
active m secretion were most sensitive to this fungicide. Malic acid as 
well as amino acids in the secretions from comdia of Neurosporo- sito- 
phila are apparently responsible for an increase in toxicity. Wain and 
Wilkinson (1943, 1946) also found that filtrates from suspensions of 
spores of N. sitophila are active in solubihzmg and mcreasmg the toxicity 
of deposits of Bordeaux mixture. Horsfall et al. (1937) and Marten and 
Leach (1944) showed that toxicity of copper oxides is related to their 
solubility in aqueous glycine solutions. 

While many fungitoxicants are only very slightly soluble in water, 
the amount of toxicant entering water from residues without the aid of 
solubilizing agents is probably more than sufficient to prevent germina- 
tion of sensitive spores, especially when the concentration of spores is 
low. With less sensitive fungi or with high concentrations of spores, how- 
ever, the rate of solubilization may be a factor in limiting effectiveness. 
The ability of spores to accumulate large quantities of toxicants from 
dilute solutions is probably by far the most important factor in explaming 
the effectiveness of toxicants of low solubility. It has been recognized for 
some years, for example, that conidia of Plasmopara viticola (Delage, 
1932) and of Monilinia fructicola (Marsh, 1945) can accumulate copper 
to a concentration much greater than tliat present in the ambient solu- 
tion. It is now recognized that limited solubility in water is an essential 
characteristic of many types of effective fungicides. 

III. Uptake 

With tlie advent of radioisotope tracer techniques, the problem of 
studying the accumulation of toxicants by fungus cells was facilitated 
and tliese techniques have been used m extensive studies of the uptake 
of fungitoxicants at the Boyce Thompson Institute for Plant Rescarcli 
(Miller and McCallan, 1955). Among the toxicants studied were 
diclilone (2,3-dicIiloro-l,4-naptljoqumone). 2-heptadecyl-2-imidazohnc, 
and ions of silver, mcrcurj', cadmium, zinc, and cerium. It 'vas shoum 
that the major portion of a toxicant ultimately taken up by a spore 
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of this chapter to examine the morphological features and vital activities 
of fungal cells as they are related to fungitoxicity and specificity The 
discussion will not be confined to plant pathogens and common fungicides 
but will include other organisms and otlier toxicants whenever they 
provide more appropriate illustrations of the points to be made 

Fungicidal physiology begins when a fungus cell and a toxicant are 
associated m the same environment Theoretically, at least, a toxicant 
need not act directly on the fungus cell m order to affect its growth and 
development Removal or alteration of a metabolite in the environment 
or inactivation of an extracellular en 25 nne would be suflBcient m certain 
mstances to prevent growth or to render an organism ineffective as a 
plant pathogen However, in the case of the fungicides presently used in 
plant disease control, direct action on the cell almost surely accounts for 
their toxicity The fact that protective fungicides must act on spores that 
generally contain an internal food supply sufficient to carry them tlirough 
the primary stages of mfection of the host emphasizes the operation of 
direct rather than indirect effects Furthermore, most fungicides deveh 
oped IP recent years have been discovered in screening procedures 
mvolvmg germination tests in which dependence on extracellular sub- 
stances, except water, is at a mmimum If we accept as fact that the 
majority of fungicides must come in direct contact with the cells they 
affect and that in most instances they must enter these cells, we should 
first consider how fungicides, generally characterized by low solubility 
in water, are mobilized and how they negotiate the possible barriers 
that may separate them from their ultimate sites of action 

II Mobilization 

Several theories have been advanced to explain how deposits of 
relatively insoluble toxicants on leaf surfaces or glass slides are made 
available m quantities sufficient to kill fungus spores Among the agents 
an mechanisms that have been proposed as being involved in mobihza- 
tion are atmospheric moisture, plant excretions, spore secretions, and 
abil^ of spores to accumulate toxicants from very dilute solutions 

n the subject of mobilization, which has been covered fully by 
Hor^all (1956), suffice it to say that Bordeaux mixture and other in- 
so ubie copper toxicants have been the subjects of the major portion of 
the early mvestigations m this area Most of the early workers favored 
C 02 and ammonia dissolved from the atmosphere m ram water and dew 
as the solubilizing agents for Bordeaux mixture (McCallan, 1949) Curtis 
(1944) proposed tliat guttational water may play a role in increasing 
phytoloxicity of insoluble copper fungicides and showed that water of 
guttation when added to deposits on glass slides increased the fungi* 
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entrance into the cel! Some aspects of this problem are discussed m a 
later section 

IV Surface of the Cell in Relation to Toxicity 

The cell wall and possibly the outer surface of the cytoplasmic 
membrane are vital areas in direct contact with the external environment 
These structures may represent sites of toxic action Compounds that act 
at these sites do not need to negotiate difFerentially or semipermeable 
membranes and thus may differ m their physical properties from those 
that act within the cell However, the principal significance of the cell 
wall and cytoplasmic membrane for those toxicants that act mside the 
cell may be that they offer resistance to penetration 

A The CeU Wall 

The cell walls of fungi are complex and variable structures Among 
the substances reported to make up the cell walls of fungi are chitm, 
cellulose, glucan (yeast cellulose), pectm, callose, mannans, hgnm, pro 
terns, and lipids (Foster, 1949, Kreger, 1954, Falcone and Nickerson, 
1956) Although all of these materials are not necessarily present m the 
wall of any particular fungus, lipids protein, and one or more of the 
skeletal compounds, such as chitm are generally present Chitm is 
especially characteristic of the cell walls of the filamentous fungi The 
materials comprismg the cell walls are probably mtimately associated 
and mutually protected from tlie effects of external enzymes and other 
agents X ray evidence mdicates that as a rule, the materials are linked 
by easily hydrolyzable bonds to form complexes (Kreger 1954) 
Thomas (1928) found that certain components of the walls of Fusanum 
cells protect other components from the action of chemical reagents 

1 Interference with Structure and Synthesis of the CeU WaU 

Disruption of cell wall structure, interference with the process of 
cell wall extension during growtii or mterference with synthesis of cell 
walls represent possible mechanisms of fungicidal action that have 
received relatively little attention m the past However, the recent 
demonstration tliat penicillm can induce the formation of cell wall free 
protoplasts of Escherichia colt should emphasize the possible involv ement 
of the cell wall in fungitoxic action Lederberg (1957) proposed that 
tlie bactericidal effect of peniciUm m ordinary media may be explained 
sufficiently on tlie basis of mduced osmotic fragility, probably resultmg 
from the failure of growmg cells to form new walls Results of Gokspyr s 
(1955) work also point toward mterference ivith synthesis of ivalls as a 
possible basis of toxicity of dithiocarbamyl compounds to baker’s veast 
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is removed from solution during the first 30 seconds of exposure 
and that affinity of conidia for these toxicants is very great (Miller 
et al, 1953b). 2-HeptadecyI-2-imidazoline, for example, is accumulated 
in some instances to the extent that the concentration associated with 
the spores is 10,000 or more times greater than the original concen- 
tration in the solution in which the spores were suspended. Once 
these toxicants are taken up they are not readily removed by wash- 
ing the spores with distilled water (Miller et al., 1954). The response 
of the spores is not dependent solely on the concentration of toxi- 
cant in solution, but on the amount of toxicant per spore, a factor 
which has not been fully appreciated by some investigators. Considerable 
quantities of these toxicants are required to inhibit germination by 50%. 
Compounds such as 2-heptadecyl-2-imidazoIine with a low innate 
toxicity probably owe their usefulness mainly to their ability to ac- 
cumulate in large quantities in the biophase. 

Large quantities of cationic toxicants such as copper and silver are 
also taken up from dilute solutions by dormant ascospores of N. tetra- 
sperma (Lowry et al, 1957). The evidence indicates that these toxicants 
are adsorbed at the surface of the dormant ascospores and they do not 
penetrate to susceptible sites until the spores begin to germinate. In the 
case of 2,4-dichloro-6-(o-chloroanilino)-s-triazine and derivatives, Burch- 
field and Storrs (1957) have shown that about 1500 ^g. of toxicant per 
gram of conidia of N. sitophila must be accumulated to produce 50% 
inhibition of germination. 

The uptake of members of an homologous series of N-n-alkylethylene- 
thioureas by yeast cells and by conidia of M. fructicola was investigated 
by Ross and Ludwig (1957). Toxicity in this series is related to physical 
rather than to chemical properties and the differential toxicity of the 
various members of the series is explained simply by the nature of their 
partitioning between the biophase and the ambient solution. As the length 
of the alkyl side chain is increased up to and including the octyl homo- 
logue, the proportion of toxicant taken up by the cells increases and so 
does toxicity. The aqueous solubility of ethylenethiourea is so high that it 
is not partitioned to any appreciable extent into the biophase and thus 
it is ineffective as a toxicant. 

It is apparent that many fungicides in current use must he accumu- 
lated by fungal cells in relatively large quantities before their toxic 
effects are evident. On a microgram-per-gram basis, they are much less 
effective than penicillin, certain insecticides, and other biocidal agents 
(McCallan, 1957). 

One of the primary problems related to the uptake of toxicants is 
that of distinguishmg between adsorption at the surface of the cell and 
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Permeability of cell-wall-free protoplasts of bacteria to low molecular 
weight compounds, such as sucrose, urethane, and phosphate, is reported 
to be essentially the same as for intact cells (Weibull, 1956). Owens 
and Miller (1957) found insignificant quantities of 2-heptadecyl-2- 
imidazolme, dichlone, and Ag, Zn, Cd, Hg, and Ce ions in the eell wall 
fractions of spores of N siiopJnla that had been treated with these 
toxicants prior to disintegration 

On the other hand, the cell wall may prevent certain substances from 
reachmg the protoplasts The degree of protection afforded by the walls 
undoubtedly varies greatly with the species of fungus Conidia of 
Erysiphe polygom contam large amounts of water whicli they do not 
lose readily even in a dry atmosphere They also contain large quantities 
of lipids and Yarwood (1950) has suggested that fatty materials 
deposited in the cell walls may limit their permeability to water and 
toxicants such as copper sulfate Comdia of this fungus will germinate 
on the surface of 10% copper sulfate solutions (Yarwood, 1945), although 
copper sulfate is toxic to the hyphae Such substances as gelatin, peptone, 
mulin, and divalent succinate ions reportedly do not permeate the outer 
regions of cells (cell wall) of baker’s yeast (Conway and Downey, 1950) 

Evidence that the cell walls of higher plants may protect tlieir proto 
plasts from certain fungitoxicanls is provided by the work of Ross and 
Ludwig (1957) They found m an homologous senes of n alkyl 
ethylenethioureas that maximum phytotoxicity falls near the amyl homo- 
logue when structures such as seed coats, cell walls, and middle lamellae 
are present, but when these barriers were removed, the peak of phyto 
toxicity occurred near the octyl homologue Uptake of these compounds 
by discs of potato tuber and by pure cellulose (filter paper) mcreased in 
a geometric manner as the length of the alkyl side cham increased up to 
and mcluding the octyl homologue These data mdicate adsorption of the 
compounds by cellulose and the authors suggested that adsorption of 
the higher homologues by the cell walls, seed coats, and middle lamellae 
probably limits their phytotoxicity Uptake by yeast cells mcreased m an 
arithmetical progression as the length of the alkyl side cham was m- 
creased and, as with the exposed protoplasts, maximum toxicity was 
reached at the octyl homologue Apparently the walls of baker’s yeast, 
composed primarily of glucan, mannan, proteins, lipids, and a small 
amount of chitm (Roelofsen .and Hoelte, 1951), do not protect their 
protoplasts from the higher homologues of the senes 

The protection that tlie ceil wall provides against high molecular 
weight substances, such as enzymes, is probably of more significance 
than protection that it affords from toxicants that are of comparatively 
low molecular weights Bactenal protoplasts, for instance, are readily 
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Brian (1949) suggested that griseofulvm affects either directly or in 
directly the cell wall or tlie process of extension of the wall This anti 
biotic characteristically causes swelhng and various types of distortion 
of the growing tips of fungal hyphae He made the interesting observa 
tion that among the many species of fungi that he tested (representative 
of all of the orders ) , only those reported to have chitin walls are affected 
It is entirely possible that other fungitoxicants which cause bursting of 
fungal cells or swelling of germ tubes and hyphal tips may do so by 
mterference with cell wall synthesis 

There is some evidence that emergence of a germ tube from some 
fungal spores is preceded by a locahzed plasticizing of the cell wall 
through some metabohc process It has been noted in this laboratory 
that conidia of Fusarium roseum in shake culture become sticky and 
tend to clump together just prior to germination indicating that some 
alteration of the cell wall has taken place Falcone and Nickerson (1956) 
have isolated a mannan protein complex from the cell walls of Candida 
albicans The protein m this complex contains S S Imkages that can be 
reduced by a cell division enzyme It was suggested that locahzed 
enzymatic reduction of the protein disulfide converts a portion of the 
vulcanized cross linked wall fabric into a form capable of plastic 
deformation through which a bud can emerge (Nickerson and Falcone 
1956) A similar change may be necessary for the emergence of germ 
tubes from certain conidia Toxicants that react with constituents of the 
walls of spores or inhibit enzymes which alter the walls may prohibit 
the emergence of germ tubes 

Synthesis of certain components of the cell walls of fungi and the 
processes that control the physical properties of the walls are probably 
distmct from those that occur m higher plants Chitin for instance seems 
to be the mam skeletal material in the cell walls of most filamentous 
fungi and its synthesis involves metabolism that might be selectively 
mhibited m fungi without injury to the higher plant The chitin polymer 
IS probably formed at the surface and the enzymes involved would likely 
be readily accessible to toxicants Interfering with synthesis of cell walls 
of plant pathogens would apear to offer greater promise as a means of 
plant disease control than would an approach directed toward damaging 
the existing cell wall structure Analogues of glucosamine might prove to 
be useful m the selective inhibition of plant pathogens 

2 Permeation 

The classical point of view has been that the cell wall plays a rela 
tively msigmficant role m lunitmg penetration of compounds of low 
molecular weight and there is evidence that this may often be the case 
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inert hydrophobic substituents to the pyrazole ring increased the oil- 
water partition coefficient as well as toxicity, and the increased toxicity 
in this case was attributed solely to the increased ability of the com- 
pounds to permeate the cell membrane. This appears to be the case with 
a number of organic fungicides. With the 8-quinolinols, for example, 
lipid solubility as well as ability to chelate is required for activity (Block, 
1955). It has been postulated that the — SCCI3 group in the captan 
molecule functions in permeation (Horsfall, 1956), but there is now 
evidence that this group may be the toxiphore (Lukens and Sisler, 1958). 

A somewhat different relationship between permeation and lipid 
solubility seems to characterize the chemically inert, structurally non- 
specific toxicants that act by physical, rather than by chemical, mechan- 
isms. These are compounds that do not owe their toxicity to a specific 
chemical group but rather to their ability to accumulate in the biophase. 
The h/-rt-alkylethyIenethioureas are representative of this kind of toxicant 
(Ross and Ludwig, 1957). The relative effectiveness of sucli substances 
is related to their partition coefficients between fat-like substances and 
water. Structurally nonspecific compounds of diverse types have ap- 
proximately the same potency when they are present in the same pro- 
portional saturation in the medium in which they are applied even 
though their molar concentrations in that medium may differ widely 
(Ferguson, 1939). This is known as Ferguson's Principle and it seems 
to apply to all compounds which owe theur activity to certain physical- 
chemical properties tliat favor their accumulation in the biophase (Al- 
bert, 1951). An increase in activity of such compounds as the oil-water 
partition coefBcient increases does not necessarily mean that their 
ability to permeate membranes was the limiting factor in toxicity. John- 
son et al. (1954) point out that the same type of bond is formed when 
such substances dissolve in oil as when they combine with hydrophobic 
groups of enzymes or other proteins. The correlation between h'pid 
solubility and potency also applies to purified enzymes in vitro in the 
absence of lipids and cellular structure xvhich suggests that hydrophobic 
portions of proteins may be the sites of action. These sites may occur at 
the cell surface. However, in the intact cell, lipid barriers at the mem- 
brane may have to be negotiated before susceptible proteins are en- 
countered and thus partition between lipid and water may be a measure 
of their ability to penetrate membranes as well as a measure of tlicir 
ability to combine with hydropliobic groups in protein molecules. Since 
water-lipid solubility, surface activity, and adsorbability are somewhat 
parallel phenomena, one wonders whether ease of penetration of the cell 
membrane is tlie only significance of die proper degree of lipid solubility 
even in the case of structurally specific toxicants. 
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attacked by lipase, trypsin, and deoxyribonuclease, enzymes to which tlie 
mtact bacterial cells are quite msensitive (Spiegelman, 1957). 

B The Cytoplasmic Membrane 

The structure of the cytoplasmic membrane, its significance as a 
permeation barrier, and its metabolic functions still remain obscure 
despite considerable research and speculation It is generally assumed 
from indirect evidence tliat the cytoplasmic membrane is hpoprotem m 
nature A generalized pattern of the membrane, consisting of a layer of 
hpids two molecules thick with a monomolecular layer of protem on tlie 
mner and outer surfaces, has been proposed by Davson and Danielli 
(1943) The cytoplasmic membrane must be considered m fungitoxicity 
because it may act as a permeation barrier to toxicants or the toxicants 
may act at tins site to mhibit enzymatic activity, to block entry of meta- 
bolites into the cell, to alter permeability m such a manner as to cause 
the loss of cellular constituents, or to cause an irreversible physical 
disruption of the membrane structure 

1 Permeation 

It IS generally recognized that lipid solubility, or some property 
closely correlated with it, is important m determmmg how readily a 
compound permeates a cell, but that permeation is also mfluenced m 
some way by the molecular size of the permeants (Collander, 1957) 
Inability to permeate the cytoplasmic membrane is sometimes invoked 
as a possible explanation for the failure of otherwise likely compounds 
to function as fungicides 

Among the prmcipal reasons for assummg that the cytoplasmic 
membrane is mvolved in regulatmg the entrance of toxicants into the 
cells are the correlations between toxicity and the proper degree of lipid 
solubility of compounds and the fact that neutral molecules of many 
toxicants are frequently more effective than the corresponding ionized 
forms 

In toxicants exerting their effect through chemical mechanisms, i e , 
structurally specific compounds possessing one or more active chemical 
groups that combine with specific cell constituents, the proper degree 
of lipid solubility is thought to be a physical property required for 
permeation to the susceptible sites within the cell and is not involved in 
their ultimate activity Thus, when mcreased toxicity of this type of 
compound is achieved by the addition of inert lipophilic substituents to 
the molecule, it apparently results from more ready permeation This is 
reported to be tlie case with the mtrosopyrazoles, in which the nitroso is 
regarded as the active group (Rich and Horsfall, 1952) Addition of 
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explained as a failure of the toxicant to permeate into the spores Lipids 
m tlie cells wall, however, may be more important than the cytoplasmic 
membrane m excludmg tlie toxicant in this case 

On tlie otlier hand, tliere is evidence tliat the cytoplasmic membrane 
in certam fungi and otlier organisms may not constitute a very significant 
barrier to tlie permeation of metabohtes and toxicants of low molecular 
weight Some plant physiologists (cf Epstem, 1956, Robertson, 1957) 
have experimental evidence to indicate that a cytoplasmic membrane 
may not impede tlie permeation of ions into die cytoplasm of cells of 
roots of higher plants Similarly, Roberts et al (1955) concluded from 
dieir experiments with Lschertchia coh tliat permeation of many com 
pounds of low molecular weight into most or all of the water space of 
the cell proceeds unimpeded by a membrane at the surface Inorganic 
ions, phosphorylated sugars, ammo acids, and glutathione are reported 
to permeate readily Less extensive experiments with the yeast. Torn 
lopsls utths, indicated that there js no Jack of permeability in this organ 
ism It IS well known diat intact cells of many organisms do not meta 
bolize die phosphate esters of sugars, such as fructose 1 6 diphosphate, 
when they are supphed externally However, these compounds can be 
isolated from hvmg cells and they are readily metabolized by cell 
homogenates It would appear that m most cases the failure of mtact 
cells to metabolize phosphorylated sugars must be one of permeability, 
but, accordmg to Roberts, et al (1955), some other reason must expJam 
the failure of E coh to metabolize fructose 1,6 diphosphate 

Although die experiments of Miller et al { 1953b, c, 1954), concemmg 
the uptake of toxicants by fungus spores, were not designed specifically 
to show whether the toxicants actually enter the cytoplasm, ready 
permeation was inferred In this connection, McCallan (1957) indicated 
that permeation of the fungus spore may not be the obstacle it was once 
considered to be In further studies of uptake, Owens and Miller (1957) 
attempted to determme whether the toxicants dichlone, glyodm base 
(2 heptadecyl 2 imidazolme), and ions of five heavy metals, actually 
enter the cytoplasm of conidia of N sUophtla and of A niger When 
comdia were exposed to sublethal doses of the fungitoxicants and then 
dismtegrated by sonic treatment, essentially all of the toxicant that was 
taken up from the medium was found m the supernatant fraction and 
m the fraction contammg particulates corresponding m size to the 
mitochondria and microsomes Even though the spore walls of Neuro 
spora account for 35% of the weight of the comdia, the fraction con 
taming cell wall fragments retained only msignificant amounts of any 
of the toxicants 

Experiments with uptake and permeation have dealt largely with 
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The biological activity of the ions of weak acids and bases is fre- 
quently lower than that o£ the corresponding undissociated molecules. 
The differences in activity usually have been attributed to difficulties in 
permeation by the ionic forms. Permeation is affected by the greater 
relative size of ions, due to hydration, by their charge resulting either in 
repulsion or fixation by adsorption, and to their generally lower solu- 
bility in lipids. Simon and Beevers (1952) report that pH changes m 
the range 3 to 6 have no effect on the concentration of iodoacetic acid 
^pK = 3.1) required to produce 50% inhibition in the fermentation of 
glucose by zymase, but the concentration required to halve the fermenta- 
tion rate of intact yeast cells was thirteen times greater at pH 6.0, where 
the compound existed almost entirely m tlie ionic form, than at pH 3.0 
where the concentrations of ions and neutral molecules were approxi- 
mately equal. This evidence suggests that the cytoplasmic membrane 
restricts permeation of the ionic form of this toxicant. On the other 
hand, it is the ionic forms rather than the neutral molecules that are 
responsible for toxicity of some compounds. This is the case for the 
acridine antibacterials (Albert, 1951). It is probable, however, that they 
act at the surface of the cells ratlier dian internally, because the addition 
of aliphatic side chains to the molecule to aid permeation reduces their 
antibacterial action. 

It might be pointed out here that mitochondrial and nuclear mem- 
branes may also constitute permeation barriers that may be of con- 
siderable significance in fungitoxicity. Both mitochondria and micro- 
somes are rich m lipids and there is evidence tliat the membranes of 
mitochondria are semipermeable (Lindberg and Emster, 1954). 

There is considerable variance of opinion on the significance of the 
cytoplasmic membrane as a permeation barrier to normal metabolites 
and to toxicants. Mitchell and Moyle (1956) hold that the cytoplasmic 
membrane of E coli is relatively impermeable even to phosphates and 
sodium chloride. Conway and Downey (1950) concluded that arabinose, 
galactose, ions of Na, Cl, and K, and many other substances enter the 
outer region of baker’s yeast, but are apparently barred by the cyto- 
plasmic membrane or enter only very slowly into the cell. Mandels 
(1953a) achieved selective destruction of surface-located carbohydrases 
in spores of Aspergillus luchuensis and Myrothecium verrucaria with 0.1 
N. HCl without significantly affecting other metabolic processes or the 
subsequent rate of growth. It is difficult to conceive of such selective 
action of hydrogen ions without the participation of a membrane that 
excludes most of them from the cytoplasm. Conidia of Erysiphe polygoni 
germinate well on a 10% copper sulfrte solution (Yarwood, 1945) and 
one must conclude as Yarwood (19S)) did, that this resistance is best 
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interfering with activity at this locus For instance, the predominant, 
acute, toxic action of uranium to yeast is reported to involve combina- 
tion with multiphosphate compounds at the cell surface The uptake of 
fermentable sugars is blocked, but metabolism of other substrates re- 
mains essentially unaffected Endogenous respiration and oxidation of 
acetate, pyruvate, lactate, and alcohol are insensitive to a concentration 
of this inhibitor that blocks sugar uptake (Rothstein, 1954) 

In N sitophila, uranium has an effect similar to that noted in yeast 
(Cochrane et al, 1957) Concentrations of uranyl nitrite that completely 
inhibit respiration of glucose do not affect the oxidation of acetate, 
ethanol, or glycerol The conclusion was drawn that uranium must block 
reactions near the cell surface which are essential for glucose transport 
Goks0yr (1955) concluded that certain dialkyl dithiocarbamyl com- 
pounds inhibit the growth of Saccharomyces cerevisiae by interfering 
with thiol-activated enzymes located at the cell surface His data show 
that the only decrease in metabolic activity (when related to degree of 
growth) that is brought about by these dithiocarbamates is to be found 
m processes leading to synthesis of cell wall material which, according 
to Rothstein (1954), most probably occurs at the surface of the cell 
winch IS in direct contact with the cell wall 

Selenate competes with sulfate for absorption sites on the cell mem 
brane of algae (Shrift, 1954a) Selenate can be largely excluded from 
algal cells if sufficiently high concentrations of sulfate are present 
Growth of histidine-requiring mutants of N crassa is inhibited when 
certain combinations of ammo acids are provided together with histidine 
(Mathieson and Catcheside, 1955) Growth of the wild type of this 
species is not affected by such treatment, nor is growth of tlie Instidme- 
requirmg mutants if they are allowed to lake up histidme prior to the 
addition of the inhibiting ammo acid combmations It was shown that 
this inhibitory combination of ammo acids prevents uptake of histidine 
by both the wild type and the histidine mutants The former are able 
to syntliesize the histidme they need while tlie latter are not This seems 
to be an excellent illustration of lovicity based on interference ivith the 
entrance of a metabolite into the metabolic system A similar mechanism 
of interference may explain why certain taxicants that are analogues of 
metabolites of both host and pathogen are toxic only to the pathogen 
Woolley (1952) discussed mstances wherein an antunctabolitc is toxic 
only when the organism requires the corresponding metabolite from an 
external source Since many fungi are apparently capable of invading 
Uie host plant m the absence of exogenous nutrients, spraying plants 
with compounds that interfere with uptake of metabolites would not 
appear to offer promise as a means of plant protection On the other 
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successful toxicants and fungi sensitive to them and they indicate that 
the toxicants are capable of entermg and exerting their effect m the 
cytoplasm of cells Experiments of this type designed specifically to 
compare uptake of a toxicant by sensitive and insensitive or immune 
organisms, should indicate to what extent differential uptake and permea- 
tion are responsible for selective toxicity This is an area of investigation 
that has as yet received little consideration 

One might conceive of the following differences between resistant 
and sensitive species or between pathogen and host that would account 
for tlieir differential uptake and response to a toxicant (1) the toxicant 
does not permeate mto the cytoplasm of either the resistant or sus- 
ceptible species, but acts at sites on the surface of sensitive cells 
Resistant species do not possess such sensitive sites at tins locus, (2) the 
toxicant permeates readily into both resistant and susceptible cells, but 
only the latter possess highly sensitive sites internally, and (3) both 
resistant and susceptible species possess equally susceptible sites mtem- 
ally, but differentiation permeability to the toxicant at the cytoplasmic 
membrane or at other levels m the cell accounts for selective toxicity. 
It should be recognized, of course, that within these categories the 
differences need not be absolute, but may be relative and that various 
combinations may occur 

2 Interference with Activities at the Cytoplasmic Surface 

Species may differ more widely m their surface structure and ac- 
tivity than they do mternally Metabolic activities occur at the surfaces 
of cells Digestion of extracellular, nonutilizable substrates into forms 
that may be absorbed by the cell, active transport, self maintenance, 
and self replication are biochemical functions attributable to the cell 
surface (Rothstein, 1954) Among the enzymes reported to be located 
at the surface of fungus cells are certain carbohydrases (Wilkes and 
Palmer, 1932, Mandels, 1953a), phosphatases (Rothstem, 1954), and 
ascorbic acid oxidase (Mandels, 1953b) It has been suggested that the 
protein of the cell membrane functions not only by endowing the 
membrane with certain structural properties, but that it also has en- 
zymatic properties (Mandels, 1953a) Both extracellular enzymes and 
cell wall material must be synthesized at the surface of the cell or else 
some mechanism must be assumed that will allow passage of these 
substances of high molecular weight through the plasma membrane 
It IS not known how frequently toxicity is a result of interference with 
vital activity at the cell surface, because it is usually difficult to dis- 
tinguish between interference at this site and that occurrmg internally 
There is evidence, however, that some toxicants may act primarily by 
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N sitophila, for example, when treated with an s-tnazme lose cellular 
constituents such as phosphorus, and this loss is attributed to changes 
m permeability mduced by the toxicants, but the spores germmate well 
and it appears unlikely tliat effects on permeability alone are primarily 
responsible for toxicity of these fungicides (Burchfield and Storrs, 1957) 

V Daxiage to Physical Structure and Organtzatton 

In addition to plasma membranes there are other structures and a 
great deal of organization that must be mamtamed m a hving cell 
Irreversible disruption of structure or organization results m malfunc 
tionmg and death of cells Kauzmann (1954) presents a discussion of tlie 
types of weak, secondary, intramolecular bonds responsible for mam- 
tazning the structural patterns of enzyme protems These include hydro- 
gen bonds, ionic bonds, van der Waals’ forces, cystine disulfide bonds, 
and “hydrophobic bonds ” The last type involves the adherence of 
hydrophobic ammo acids residues of proteins to each other as a result 
of their tendency to avoid the aqueous phase Hydrophobic bonds are 
considered to be particularly important in mamtainmg structural stability 
of protem molecules Rupturmg of the bonds responsible for mamtainmg 
protein structure leads to denaturation Undoubtedly, linkages of tliese 
several types are also of ma|or significance in ]ommg protem molecules 
m the cytoplasm, in Imkmg protems and lipids m the cell membrane, 
and m linking nucleic acids witli protems m tJie chromosomes, mito 
chondna, and microsomes Changes m viscosity of protoplasm are 
probably associated with the formation and breaking of these linkages 
Toxicants that rupture tlie linkages responsible for maintammg stability 
of cell structure may cause irret'ersible physical damage and loss of 
organization in the cell 

Smce the toxicants which act by physical mechanism have mucli 
greater affinity for hpid dissolving materials than for water, tliey prob 
ably collect at hydrophobic junctions and weaken or disrupt tliese 
Imkages, causing damage to physical structures It has been suggested 
that organic solvents and detergents denature protems in tins manner 
(Kauzmann, 1954) Dodccylsulfate is commonly used to dissociate nu- 
cleic acid from protein in viruses Its action is probably that of dis- 
rupting ionic and other linkages joining tlic proteins and nucleic 
acids 2-Hcptadecyl-2 imidazolme is known to associate w lUi parUcul itc 
fractions of tlie cytoplasm of fungal cells (Owens and Miller, 19o/) 
and, at toxic concentrations, it may disrupt ph>sical structure On 
the other hand, Uicsc ionic surface-acne toxicants may prevent attach- 
ment of enzymes to cocnzjmcs or to substrates at concentrations lower 
than those ncccssm' to dismpt structural features of the cell Otlicr 
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hand, cells of higher plants are able to synthesize organic metabolites 
that many pathogenic fungi must obtain from their environment It is 
apparent, therefore, that toxicants which block the entrance of such 
metabolites into fungal cells might be useful chemotherapeutants 

3 Effects on Membrane Penneabihty and Structure 

Some toxicants may act by disruptmg the cytoplasmic membrane or 
by altering its permeability so that cellular constituents are lost into the 
surrounding medium At lethal concentrations, silver causes conidia to 
lose considerable quantities of phosphorus to the ambient solution 
Interference with permeability represents an important characteristic 
of the action of silver (Miller and McCallan, 1957a) Tyrocidme causes 
bacterial cells to leak their soluble constituents, presumably by alteration 
of the cellular membrane (Hotchkiss, 1944) A number of cationic and 
anionic surface active agents produce the same effect as tyrocidme 
(Hotchkiss, 1946) and their toxicity is attributed to an irreversible 
damage to the cytoplasmic membrane Accordmg to Hotclikiss, ionic 
surface active agents combine with oppositely charged ions at the sur- 
face of tile cell and if the hydrophobic portion of the toxicant also has 
proper alRnity for the surface, irreversible damage to the cell membrane 
results at very low concentrations Soluble constituents are released from 
the cells and this is followed by autolysis with further release of cellular 
constituents It would not be surprising if botli glyodm and n-dodecyl 
guanidine acetate (Cyprex) were reported to cause leakage of metabo- 
lites from fungal cells, because both are cationic, surface active agents 
Newton (1953) and Few and Schulman (1953) showed that polymyxin 
induces loss of cellular constituents from bacterial cells and suggested 
that It combines with components of the cell surface, thus altering per- 
meability of the cells Algal cells lose cellular constituents when treated 
with poljmyxin (Galloway, 1958) Lowry and Sussman (1956) showed 
that polymyxin also causes loss of cellular constituents from ascosporcs 
of N tetrasperma after tliey begin to germinate and are susceptible 
to osmotic damage It is not absolutely certain, however, that changes in 
permeability may not be a secondary effect of intracellular origin 
Polymyxin also prevents uptake of mctiiylcnc blue, presumably by 
blocking sites at the surface of the ascosporcs 

The significance of loss of soluble cellular components m fungicidal 
action is not entirely clear, because spores of some fungi can apparently 
lose considerable quantities of certain constituents wlicn suspended in 
distilled water and they may lose additional quantities when treated 
with sublLlhal doses of certain fungitoxicants without any impairment 
of their abihtx to gtnnmilc (Miller and McCillan, 1957b) Spores of 



13 PHYSI0U3GY OF FUNGITOXlCrrY 


523 


a precursor in E coh (Kamin and Handler, 1957) Alcohol dehydro- 
genase and glyceraIdehyde-3-phosphate dehydrogenase from yeast differ 
in certam of tlieir properties from the corresponding enzymes from ani- 
mal sources (Velick, 1954) The protein moiety of cytochrome c from 
heart muscle differs from that of cytochrome c from Ustilago sphaerogena 
(Neilands, 1952) Saz et al (1956) proposed that an altered enzyme may 
explam the resistance of a stram of E colt to chlortetracyclme In cell- 
free preparations from a sensitive strain of tlie organism, the organic 
nitroreductase was inhibited by bacteriostatic concentrations of the 
antibiotic while m similar preparations from resistant cells the enzyme 
was likewise resistant to the antibiotic One of the differences noted was 
that the enzyme from the resistant strain contained firmly bound, con- 
jugated flavin, while the flavin of the nitroreductase from the sensitive 
strain was easily dissociable (Saz and Martmez, 1956) 

Differences m metabolic pathways and enzymes may be of con- 
siderable significance in detenmnmg the effectiveness of toxicants that 
are highly specific m their modes of action They can, however, hardly 
account for the selective control of pathogenic fungi that has been at- 
tained with toxicants that are not selective in their modes of action, but 
are capable of reactmg with common chemical groups, -SH for example, 
that may occur at many pomts m most living cells In these cases dif- 
ferences in permeability and in a number of other factors are probably 
of more significance than differences in susceptibility of enzymes There 
IS little doubt that the heavy metal fungiloxicants and possibly some of 
the organic fungicides used m the practical control of plant diseases 
would be about equally destructive to the metabolism of higher plants 
as of fungi if the concentrations altamed in the cytoplasm of both types 
of cells were equivalent 

Fungitoxicants that affect cells by interference with intracellular 
metabolism might be considered as falling mto two general groups (A) 
Those analogues of metabolites that disrupt normal processes by com 
petmg with metabolites and, (B) those that affect metabolism by virtue 
of their ability to interfere with enzymes, coenzymes metal activators, 
or substrates in some noncompetitive manner 

A Effects of AntimetaboUtes 

It appears that most of the toxicants that are highly specific m their 
modes of action are analogues of metabolites These toxicants, because of 
their close smularity m structure or characteristic chemical reactivity, 
to normal metabolites mterfere m a reversible manner with the utiliza- 
tion of normal metabolites by subsfatuting for them m metabolic proc- 
esses They are often referred to as antunetaboLtes JSfany analogues of 
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aspects of physical toxicity as it affects chromosomes and mitotic 
behavior are discussed m a later section of this chapter 

VI Interfebence with Intracellular Metabolism 
While there is evidence that some fungitoxicants may act at the 
surface of the cell it would seem to be a safe assumption that most 
toxicants exert their effects internally The vast number of enzymatic 
reactions involved in release of energy from substrates and m syntheses 
of materials in the cytoplasm undoubtly account for tlie major portion 
of vital cellular activity with which a toxicant might mterfere m a letlial 
manner 

It is becommg mcreasmgly clear Uiat there is much similarity be 
tween the vital intermediate metabolism of fungi and tliat of other 
organisms The vitamms, coen 2 ymes, ammo acids purines and pyrim 
idme as well as tlie majonty of other known metabohtes of a vital 
nature are identical m fungi and m otlier organisms The fatty acids— 
palmitic stearic oleic and Imoleic — which are found in largest quanti 
ties m lipids of fungi (Foster 1949)are also abundant m lipids of higher 
plants (Bonner, 1950) Likewise the general metabolic pathways of 
fungi seem to be very similar to those of other organisms TIio operation 
of tlie Krebs cycle m the filamentous fungi and in yeasts has been demon 
strated by several investigators (Foulkes, 1951, Krebs et at, 1952, 
Roberts et al 1955 DeMoss and Swim 1957, Bonner and Machlis 
1957, Moses 1957) Pentose cycle reactions have been demonstrated m 
Pentcillium chrtjsogenum by Sih et al (1957) and cytochrome pigments 
were found in all of 47 species of fungi investigated by Boulter and Der 
byshire (1957) It would seem logical that protein and nucleic acid 
synthesis would proceed in fungal cells in essentially the same manner 
as it does m cells of other organisms 

One meets witli considerable difficulty m explaining selective toxicity 
of fungicides on a basis of differences in metabolism of host and patho 
gen smce tlicir general mclabohe processes are apparently very similar 
Unique vital processes are more characteristic of the higher forms tlian 
they are of fungi Thus the possibilities of selectively controlling a group 
of organisms by interfering with activities unique to tliat group are more 
promising with the more complex forms of life However, m different 
organisms there ire undoubtedly many minor variations in metabolic 
pallmajs and in enzymes that have tlie same function These differences 
may be of considerable significance in selective toxicity Lysine bio 
synllicsis for instance appears to proceed by a pathway in yeast and m 
Ncurospora which is different from that in E coU t Ammo adipic aad 
IS a precursor for Ivsinc m these fungi, while diammo pimclic acid is 
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that he listed, however, are potential autimetabohtes for other organisms 
as well and many of the compounds listed by Woolley (1952) are 
analogues of metabolites common to numerous species With our present 
understandmg of comparative biochemistry the chances of dehberately 
designmg and synthesizmg an analogue specific for a metabolite peculiar 
to fungi are not as good as are the chances of designmg one specific for 
higher organisms with more complex and highly specialized activities 
However, as our understandmg of the details of differences between 
the metabohsm of cells of various organisms mcreases, the chances of 
selectmg or synthesizing an antimetabolite for a particular process 
should also mcrease and offer promise of highly selective control of 
plant pathogenic organisms 

Remarkably enough, selective inhibition of certam species of organ 
isms without affectmg others has often been accomplished with com 
pounds that are apparently analogues of metabolites common to both the 
sensitive and resistant species Woolley (1952) has provided an excellent 
example to illustrate this point Pyntluamme is an analogue of thiamme 
and IS known to be toxic to certam higher animals, invertebrates, fungi, 
and bacteria, but there are many species of fungi, bacteria, and higher 
plants that are unaffected by this compound There is little doubt that 
Examine is a metabolite in both resistant and susceptible species Re 
sistant and susceptible forms are in some cases closely related and 
genetic differences between many of tlie resistant and susceptible organ 
isms must be very slight Therefore, selective toxicity of pynthiamme, 
based on gross and fundamental morphological and physiological dif 
ferences, does not seem likely, especially smce widely separated species 
have a similar degree of susceptibility WooUey (1952) gives a tiiorough 
discussion of a number of factors that may be involved m selective 
toxicity m such cases 

Very few of the well known fungicides appear to be antimetabolites 
and even those tliat have been reported to function m this fashion seem 
capable also of otlier, less specific modes of action Among those for 
which antimetabolitic activity has been suggested are 2 heptadecyl 2- 
imidazolme, diclilone, sulfur, and captan Both guanine and xanthine 
antagonize the toxicity of 2 heptadecyl 2 untdazohno to Sdcrolinia 
fructicola and the antagonism is of Uic compcliUvc type (West and 
Wolf, 1955) Tins xvould indicate that tins toxicant is in antimetabolite 
for these purines, but it is a cationic surface active agent and, thus, one 
might expect it to be capable also of other less specific effects Gcnni- 
cidal activit> is generally cliaracteristic of ionic surface active agents 
some of u liicJi arc knoum to cause osmotic damage and to disnijit macro- 
molecular structure McCallan ct al (1951) showed that concentrations 
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metabolites have been reported smce Woods (1940) first showed that 
sulfanilamide is an analogue of the essential metabolite, p ammobenzoic 
acid 

The primary effect of such toxicants may be limited to a smgle 
reaction m some cases although if the affected reaction is in some 
primary stage of metabohsm, many other reactions will be affected 
secondarily For mstance, prevention of incorporation of any one ammo 
acid mto protem by an effective amino acid analogue prevents utihza 
tion of virtually all other ammo acids as well ( Halvorson and Spiegelman 
1952) On the other hand, much of tihe primary metabohsm of a cell 
may remain unaffected when an analogue interferes with some more 
advanced stage of metabohsm Sulfanilamide is an antimetabohte for 
p ammobenzoic acid m fungi as well as m bacteria (N S Dimond, 
1941), but it does not affect oxidation of sucrose by cells of N crassa 
(Tatum and Giese, 1946) or of glucose by conidia of F roseum (Sisler 
and Marshall, 1957) at concentrations that inhibit growth There also 
appears to be no effect on the processes of assimilation m resting cells 
of F roseum because the treated cells increase in weight to tlie same 
extent as do the untreated cells 

In some mstances an analogue may participate m a curious course of 
events in which it is utilized by a cell m the synthesis of another analogue 
which IS actually responsible for toxicity Fluoroacetic acid is a case m 
pomt It IS an analogue of acetic acid and is reported to be synthesized 
by the cell mto fluorocitnc acid which mterferes with aconitase and 
prevents the conversion of citrate to isocitrate (Peters, 1952) It may 
well be that the fluoroacetate is also mcorporated mto hpids and other 
cellular components that are normally built up from acetate Selenate, 
an analogue of sulfate, mterferes with sulfate utilization by cells of 
ChlorelJa vulgaris and is also syndiesized mto selenomethionine an 
antimetabohte of methionme (Shrift, 1954b) An analogue of trypto 
phan, 7 azatryptophan, does not prevent protein synthesis m E coh, 
but does prevent the development of a number of enzyme activities 
(Pardee et al, 1956) The proteins that are synthesized m this case are 
probably mactive analogues of the normal enzymes These are examples 
of lethal syntliesis, a subject that is discussed m more detail by 
Markham (1958) 

Most of the antimetabolites that have been described, either co 
mcidentally resemble, or have been patterned dehberately after vital 
metabolites that are common to many species Tliey are not specific m 
tlie sense tliat they resemble a metabolite peculiar to a particular group 
of organisms Horsfall (1956) has compiled a list of compounds tint 
function as anlimetabohtes m fungi Practically all of tlie compounds 
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when the cell is impermeable to the normal metabolite, le, coenzyme 
supplied externally 

Many cationic and anionic toxicants may act in the cell as mhibitory 
analogues of essential ions This would constitute a somewhat more 
general type of competitive inhibition than that which is commonly 
associated with antimetabohtes Accordmg to MacLeod and Snell (1950), 
certain metallic ions whidi inhibit growth of bacteria might be re 
garded as structural analogues of other metallic ions which are essential 
for certain metabolic processes mvolved in growth 

B Effects of Other Types of Toxicants 

The vast majority of the fungicides that are used in the practical 
control of plant diseases appear to be capable of much more generalized 
effects on metabolism than are the analogues of metabolites Results of 
research in recent years mdtcate that many of them are potentially 
capable of reacting with functional chemical groups of enzymes and co 
enzymes, with metal activators, or other components of metabolic sys 
terns, many of which are common to various aspects of metabolism 
This being tlie case, it does not seem practical to separate metabolism 
mto various categories such as energy release, protein synthesis, etc, 
and discuss how fungicides affect each of them It does seem to the 
pomt, however, to discuss the manner m which several representative 
types of fungicides are reported to affect cell metabolism and enzymes 
It is also appropriate to mention here some of the possible explanations 
of how these fungicides may be used to control pathogens without 
injuring the higher plants to which they are apphed 

The activity of quinones agamst diverse types of enzymes suggests 
that they are capable of blocking cellular metabolism at a number of 
stages Qumones are effective mhibitors of pancreatic amylase, an ammo 
dependent enzyme, and of malt amylase, a sulfhydryl dependent enzyme 
and tliey are also moderately inhibitory to catalase (Owens, 1953) A 
number of the quinones are potent inhibitors of carboxylase (Kulm and 
Bemert, 1947, Foote et al , 1949, Hochstem and Cox, 1952) In fact, 
their effectiveness as mhibitors of carboxylase was sufficiently correlated 
with their toxicity to spores of Montlmta fructtcola that Foote et al 
(1949) were led to suggest that tn oitro carboxylase mhibition might 
be used as a prelimmary screen for selecting qumones for use as fungi- 
cides A number of other enzymes, including urease, pancreatic lipase, 
proteinase, and phosphatase, are also inhibited by cerfam qumones (cf 
McNew and Burchfield, 1951) 

Dichlone, which is 2,3 dichloro-l,4-napthoqumone, reacts witli co- 
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of 2 heptadecyl-2 imidazoline that reduce oxygen consumption of certam 
fungal comdia by 50% also reduce tlieir germination by about the same 
amount. This imphes that the fungicide may affect processes other than 
xanthine and guanine metabolism Dichlone resembles vitamin K in 
structure and Woolley (1945) demonstrated tliat vitamin K will reverse 
the fungitOMcity of dichlone in a competitive manner, but only over a 
very limited range of concentrabons of the toxicant It was recognized, 
however, that the reactive chlorme atoms m the dichlone molecule might 
well confer on it toxicity tliat is unrelated to any effect that it may exert 
as an antimetabolite (Woolley, 1952). McCallan (1957) considered the 
hypothesis that sulfur may subsbtule for oxygen in the respiratory 
systems of fungi and that it might exert its toxic effects by competition 
witli oxygen Since sulfur actually stimulates oxygen consumption m 
fungi and since cyanide does not inhibit the capacity of fungi to convert 
sulfur into H S, it was considered unlikely tliat sulfur acts by replacing 
oxygen m the respiratory process There remains the possibility, however, 
that sulfur may compete with other hydrogen acceptors m cells and 
tlius disrupt their metabolism, as has been suggested by Miller et ol 
(1953a) Hochstein and Cox (1956) demonstrated competition between 
captan and cocarboxylase m preparations of dried brewers' yeast It was 
also shown that in comdia of F roscum that were treated witli captan, 
pyruvic acid accumulated to a greater extent tlian in untreated comdia 
as would bo expected if decarboxylation of pyruvate were inhibited 
Although tlnamme pyrophosphate offset the effect of captan m yeast 
preparations, it did not protect living cells and impermeability of tlie 
cells to tins coenzyme was considered as a possible explanation of its 
failure to protect It was suggested that captan may owe its toxicity to 
interference with enzymes that requue tlnamme pyrophosphate 

Xanthine and guanme, oxygen, vitamin K, and tlnamme pyrophos- 
phate arc metabolites that are by no means peculiar to fungi If the 
toxicants, dichlone, sulfur, and captan do behave as antimetabolites m 
fungi, then there must be differences other than metabolic ones that arc 
at least partially responsible for rendering these compounds more toxic 
to fungi than to higher plants and animals 

Actually, inhibition of metabolism by competition may be more 
common than is presently suspected since some toxicants not now 
regarded as antimctabolites may permeate so readily and hiNC such 
high allinil) for the susceptible enzyme tint they would accumulate m 
cells to such an extent tliat the range of concentration of normal inclab- 
ohto required to demonstrate llic competitive nature of tlic inhibition 
c.innot bo attained in the intact cell This would be Uie case especially 
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vate in pea root tips and that at strongly inhibits pyruvic oxidase and 
a ketoglutanc oxidase activity in preparations of mitochondria from 
lupme plants They also reported that captan inhibits hexohmase from 
yeast and the oxidation of nbose 5 phosphate by extracts from peas 
Lukens and Sisler (1958) have presented evidence to support the 
contention that captan owes its ultimate toxicity to the reactive -SCCh 
group that is released or to thiosposgene that is formed following cleav- 
age of the captan molecule by sulfhydryl groups in commonly occurrmg 
cellular components One would not expect a high degree of specificity 
from these reactive derivatives It would appear, tlierefore, that sucli 
specificity as captan possesses must be attributed to differences m its 
ability to penetrate and accumulate m cells and possibly also to dif- 
ferences m the facility with which cells of different species are able to 
release the — SCCh group from the imide portion of the molecule 

An understandmg of the way m which such dialkyldithiocarbimate 
fungicides as thiram { tetramethylthiuram disulfide), ziram (zmc 
dimethyldithiocarbamate), and their relatives affect cellular metabolism 
has been complicated by the tendency of tliese fungicides to be less 
toxic when used at certain intermediate concentrations tlian when used 
at either lower or higher concentrations Dimond et al (1941) first 
reported this kind of behavior for thu*am and it has smce been observed 
by a number of investigators with thiram and related compounds Tlie 
range of intermediate concentrations at whicli growth of fungi occurs 
has been designated by Sijpesteijn and \an der Kerk (1956) as the zone 
of inversion growth Occurrence of this phenomenon appears to be 
regulated by the concentration of certain heavy metals in the medium 
or m association with the cells (Gokspyr, 1955, Smalc 1957, Sijpesteijn 
et al , 1957) With Saccharomijccs pastorianus as the test organism, the 
zone of inversion growth characteristic of sodium dimethyldithiocarba 
mate ivas almost completely aboIisJied by addition of certain trace metals 
m sufficient quantity to tile medium in which the yeast was grown 
Zinc appears to be the most critical of the metals in this case (Smale 
1957) Areas of metabolism affected by concentrations of fungicide on 
die lower side of the zone of inversion growdi are probibly different 
from diosc affected b> toxic doses on the uper side of llie zone of 
mvcrsion growth 

a Kcloglutaric acid accumulates in the mycelium of T roscum when 
It IS treated uitli ziram (Sisler and Marshal), 1957) and pynnic acid 
accumulates in cultures of A nl^cr and of PcntciUnnn ttahetim when 
certain concentrations of sodium dimethyldithiocarbamate are present 
(Sijpesteijn and van dcr Kerk, 1936) a Keto acids antagonize the toxicitx 
of this fungicide toward A iiigcr, but tlicy do not offset its toxicity to 
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enzyme A in vitro and it was suggested that its extensive effects in 
disrupting cellular metabolism in N sitophth may result from its block 
mg of many reactions in cells that require coenzyme A (Owens, 1957) 
The concentrations of chloraml and of dichlone that are required to 
mhibit 50% of the oxygen consumption by conidia of some species of fungi 
are essentially equivalent to the amounts required to prevent 50% of their 
germination, but other fungi require greater quantities to inhibit 
oxygen uptake by 50% than are required to give an equivalent inhibition 
of germination (McCallan et al , 1954) This suggests that retardation 
of growth in the two cases may result from effects on different phases 
of metabolism Some degree of selectivity for a particular phase of 
metabolism within sensitive cells might be expected as a result of varia- 
tions in enzyme sensitivity or of the distribution of the toxicant witlim 
the cell, but it seems most likely that a number of metabolic processes 
would be affected with almost equal facility by growth inhibiting con- 
centrations of quinones Since the qumones are capable of combinmg 
with both -SH and ammo groups, of oxidizing -SH groups, and of 
changing redox potentials (McNew and Burchfield, 1951), their selec 
tivity toward various organisms, as Horsfall (1956) has concluded, 
probably rests mamly on two factors — permeation and detoxification 
Evidence presented by Rich and Horsfall (1954) indicates that poly 
phenol oxidases m fungi may be significant in detoxifymg phenols and 
qumones 

At concentrations sufficient to prevent germination and growtli 
captan, N (trichloromethylthio) 4 cyclohexene 1,2 dicarboximide, vir 
tually elimmates uptake of oxygen by conidia of M fructicola and it is 
as effective m reducing consumption of oxygen by spores of Alternana 
solani as it is m suppressing their germmation (McCallan et al 1954) 
Oxygen uptake by dense suspensions of conidia of F roseum is severely 
reduced by captan at a concentration of 10 * moles per liter Hochstein 
and Cox ( 1956) showed that pyruvate accumulates in cells of this fungus 
when they are exposed to captan and that yeast carboxylase activity m 
vitro IS inhibited Thus, it appears that effects on early stages of meta- 
bolism (assimilation of substrate and carbohydrate oxidation) may be 
sufficient to account for toxicity of captan to some fungal cells Its 
effects are not limited to fungi Captan is toxic to cells of higher plants 
if it gams access to them m sufficient concentration It is quite toxic to 
bean and tomato plants even at low concentration ( 1-5 ppm) when 
it IS applied to the roots m liquid culture (Silber, 1957, Lukens and 
Sisler, 1958) Apparently it is capable of affectmg metabolic systems m 
some higher plants similar to those that it affects m fungi because 
Dugger et al (1959) have shown that it causes accumulation of pyru- 
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There is a considerable literature on the effects of dialkyldithio* 
carbamates on enzymes from vanous sources Among the enzymes 
reported to be affected are copper-contammg enzymes such as catechol 
oxidase, laccase, and ascorbic acid dehydrogenase (cf Goks0yr, 1955), 
the sulfhydryl enzymes — aldehyde dehydrogenase, triosephosphate dehy- 
drogenase (Graham, 1951, Nygaard and Sumner, 1952, Sisler and Cox, 
1955), and succmoxidase (Keilm and Hartree, 1940) In addition, Owens 
(1953) demonstrated that pancreatic amylase, malt amylase, polyphenol- 
oxidase, and catalase, which respectively represent ammo-, sulfhydryl , 
copper-, and iron-dependent enemies are all inhibited by dithiocarbamic 
acid derivatives Thus, it is apparent that these fungicides possess the 
potential of mterfering with a number of metabolic processes However, 
tile fact that they inhibit a wide variety of enzymes when isolated m the 
laboratory does not necessarily imply that they owe their toxic action to 
effects on these enzymes m the mtact cell This is illustrated by Goks0yr’s 
(1955) observation that certam ditlnocarbamyl fungicides are strongly 
inhibitory to yeast succmoxidase m vitro, but have little or no effect on 
oxidation of succinate by yeast cells 

Goks0yr’s (1955) extensive studies of the effects of dithiocarbamyl 
compounds on S ceremsiae indicated tliat m mtact cells the major areas 
of metabolism, such as respiration, protein synthesis, and sjnthesis of 
nucleic acids, are not primarily affected by the dithiocarbamates He 
concluded that these fungicides most probably act at the surface of 
cells, affecting in varying degrees a rather large and diverse group of 
enzymes at that location It remains to be seen whether this is the case 
for fungi in general, m view of the reports of the accumulation of keto 
acids in cells treated with these toxicants Goks0yr finally concluded that 
anatomical differences between ceils of different organisms must play a 
more important role than do physiological differences m determining 
selectivity of the dialkyldithiocarbamyl fungicides 

The bisdithiocarbamates, the best known fungicidal representatives 
of which are nabam, zineb, and maneb, apparently operate by median 
isms that differ from tliose of tlie dialkyldithiocarbamates Presently 
available evidence indicates that they are converted to isotlnocyanates 
that inactivate essential — SH systems of cells (Sijpesteijn and van der 
Kerk, 1954) 

Tummg our attention to a relatively new group of fungicides, the 
•s triazme derivatives, we find that they possess the potential of arresting 
a variety of vital biochemical reacbons m cells (Burchfield and Storrs, 
1956, 1957) It was shown that 2,4-dichIoro 6 (o chIoroamlino)'S-triazme. 
for mstance, will combine with ammo acids, glutatiiione, para-amino 
benzoic acid, proteins, *pyridoxine, pyndoxaimne, and niacm In view 
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certain other fungi It was thought originally that the pyruvic acid that 
accumulated in the presence of tlie fungicide might play an important 
role m initiating the phenomenon of inversion growth, but it now appears 
that this IS not tlie case (Sijpesteijn et al , 1957) 

Accumulation of pyruvate and a kctoglutarate, which are inter 
mediates of carbohydrate metabolism, suggests that dithiocarbamates 
affect respiration, and such an effect has been observed Thiram sup- 
presses oxygen uptake, carbon dioxide production, and gcrmmation of 
conidia of V roseum (Sislcr and Cox, 1954), and of Myrothecium 
verrucaria (Walker, 1955) Tlnrain's close relative, antabuse (tetra- 
ethylthiuram disulfide), prevents growth of Staphylococcus aureus at 
quite low concentrations and mhibition of growth is directly correlated 
with suppression of lespiration (Balestnen, 1952) At concentrations 
that prevent growth of F roseum, ziram suppresses respiration by about 
50%, but higher concentrations have no further effect on respiration 
(Sisler and Marshall, 1957) McCallancfflf (1954) showed that respira 
tion of comdia of Montltnia fructtcola is more sensitive to ferbam tlian 
IS their germination, but with spores of some other species of fungi the 
opposite is true At a concentration that prevents growth of Saccharo 
myces cerevistae, sodium dimethyl dithiocarbamate was demonstrated by 
Goks0yr (1955) to depress oxidation of glucose by about 20%, but oxida 
tion of acetate is somewhat more inhibited than is that of glucose 
These examples serve to demonstrate that at concentrations which are 
toxic to fungi dithiocarbamates often affect respiration, but that the 
extent of the effect and the relationship behveen suppression of respira 
tion and suppression of germination of spores and growth of fungi varies 
with the particular fungicide and with the species of fungus that serves 
as the test organism There is not now suflicient evidence in the case of 
any of the dithiocarbamates to indicate conclusively that inhibition of 
growth of fungi is the direct result of suppression of respiration In those 
cases where growth inhibiting concentrations have little or no effect on 
respiration it would seem to be a safe assumption that the primary basis 
of toxicity IS to be sought elsewhere 

When it was discovered that the toxic effect of some of the dialkyl 
dithiocarbamates is overcome m part by addition of histidine or of 
certain other imidazole derivatives, it was suggested that they may owe 
their toxicity to interference with synthesis of histidine or with some 
vital process m which it is required (Sijpesteijn and van der Kerk, 1952) 
However, since cysteme is also somewhat antagonistic and, like histidine, 
is a chelator, it now appears that the protection that they afford is most 
probably related to their ability to compete for heavy metals mvolved m 
toxicity of the ditliiocarbamates 
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on Its location in the cell There are essentially no grounds for assuming 
that the enzymes of pathogen or host cells or of cells of difiFerent patho- 
gens would be markedly different in their tolerances to heavy metals 
such as copper, mercury, and silver Any tolerance that cells may have for 
these toxicants would probably rest on the nature of the sensitive groups 
that are exposed at the surface of the cytoplasm, on their ability to ex 
elude them from the cytoplasm, or on their ability to bmd them mto 
nontoxic complexes 

The mechanism of cytotoxic action, defined m terms of mterference 
with a specific biochemical reaction, has not been established con- 
clusively for any of the common fungicides The problem of establishing 
a specific basis for cytotoxicity is complicated by several factors For 
reasons that have been indicated, the particular reactions or processes 
that are affected by a given toxicant may not be the same m all sus- 
ceptible species even though the chemical basis for toxicity is the same 
The chemical reactivity of most of the fungicides suggests that they may 
often affect several processes sunultaneously and to about the same 
degree Moreover, they may brmg about secondary effects that tend to 
obscure less obvious primary effects 

C Accumulation of Toxic Metabolites and Enzyme 
Stimulation or Induction 

It IS conceivable that a fungitoxicant might interfere with metabolism 
m such a manner that toxicity results directly from the effects of an 
accumulated metabolite While most metabolites would not be harmful 
except m relatively large quantities, hydrogen peroxide is an example 
of one that would be detrimental even in small quantities It has been 
demonstrated that sublethal doses of cyanide mcrease the mutation rate 
m Neurospora and this effect is attributed to hydrogen peroxide ac- 
cumulated as a result of inhibition of catalase by the cyanide (Wagner 
et al, 1950) Similar results have been obtained with cells of E colt 
treated with azide (Wyss et al, 3948) Lethal effects from peroxide 
might well result if a fungicide exerted a sufficiently inhibitory effect 
on catalase 

As opposed to inhibition of enzymes, stimulation of an enzyme mto 
abnormal activity would constitute a mechanism of toxicity It has been 
postulated that the effect of dmitrophenol on oxidative phosphorylation 
may be the result of its activation or stimulation of ATP ase m tlie 
mitochondria (Hunter, 1951) 

Perhaps one of the most effective and subtle means of killmg a fungus 
cell would be to induce its enzymatic self-destruction Prestidge and 
Pardee (1957) presented evidence that penicillin induces formation of 
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of these capabilities, it was concluded that any selectivity that Aese 
compounds may demonstrate with regard to sites of action in cells is 
probably dependent upon relative reaction rates rather than upon absolute 
specificity for a single receptor site. Since they are reactive with com- 
pounds common to all organisms, the decisive factors regulating species 
specificity are probably the degrees to which they are accumulated in 
cells and the internal pH of the cells since there is approximately a ten- 
fold decrease in the reactivity of these compounds for each unit drop 
in pH. 

Cycloheximide — possibly the best known of the antifungal anti- 
biotics — is a fungitoxicant that is apparently considerably more specific 
in its mode of action than are most of the synthetic organic fungicides. 
However, its selectivity toward species is no better and perhaps much 
poorer than that of many of the organic fungicides. Sensitivity to this 
antibiotic is widely distributed among organisms, as is evidenced by its 
toxicity to higher plants and animals, fungi, and protozoa, and yet it 
possesses a most remarkable specificity for certain closely related species. 
For example, growtli of some species of yeasts is absolutely prevented by 
0.17 p.p.m. of cycloheximide, whereas under the same conditions other 
species grow even in the presence of 1000 p.p.m. (Whiffen, 1948). It 
inhibits germination of conidia of some fungi without any effect on 
oxygen uptake (McCallan ct al, 1954). Respiration in other species is 
markedly affected. For example, concentrations that prevent germination 
of spores of Mtjrothecium verrucaria reduce tlieir oxygen consumption by 
about 85% (Walker and Smith, 1952). With F, roseum, oxygen uptake is 
depressed about 50% by concentrations that prevent growth, but even 
much higher concentrations do not significantly increase the effect on 
respiration (Sisler and Marshall, 1957). Tliis antibiotic brings about a 
marked reduction in endogenous respiration and interferes with oxida- 
tion of sugars, amino acids, and organic acids by the protozoan Tetra- 
hymena pyriformis (Mefferd and Loefer, 1954). 

Tlio mode of action of cycloheximide is not presently understood 
and, while it is known to induce mitotic disturbances in some organisms 
(as is pointed out later in this chapter), it seems unlikely in view of its 
effects on metabolism that its toxicity can be accounted for entirely in 
tliis way. 

Normally, one would expect enzymes or proteins at the outer surface 
of the cell to be affected by ions of tlie heavy metals, but they most 
probably react with labile chemical groups in cellular components where- 
cver they come in contact with them. Tlie lack of specificity of these 
fungicides is indicated by the fact fliat they are inhibitory to a wide 
variety of cnz>Tnes. Tlie enzyme they attack in the living cell may depend 
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oa Its location in the cell Tliere are essentially no grounds for assuming 
that the enzymes of pathogen or host cells or of cells of different patho 
gens would be markedly different in their tolerances to heavy metals 
sucli as copper, mercury, and silver Any tolerance that cells may have for 
these toxicants would probably rest on tlie nature of tlie sensitive groups 
that are exposed at the surface of the cytoplasm on their ability to ex 
elude them from tlie cytoplasm or on their ability to bind tliem into 
nontoxic complexes 

The mechanism of cytotoxic action, defined m terms of interference 
with a specific biochemical reaction, has not been established con 
clusively for any of the common fungicides The problem of establishing 
a specific basis for cytotoxicity is complicated by several factors For 
reasons that have been indicated, the particular reactions or processes 
that are affected by a given toxicant may not be the same in all sus 
ceptible species even though the chemical basis for toxicity is the same 
The chemical reactivity of most of the fungicides suggests that they may 
often affect several processes simultaneously and to about the same 
degree Moreover, they may bring about secondary effects that tend to 
obscure less obvious primary effects 

C Accumulation of Toxic Metabolites and Enzyme 
Stimulation or Induction 

It IS conceivable that a fungitoxicant might interfere with metabolism 
in such a manner that toxicity results directly from the effects of an 
accumulated metabolite While most metabolites would not be harmful 
except m relatively large quantities hydrogen peroxide is an example 
of one that would be detrimental even m small quantities It has been 
demonstrated that sublethal doses of cyanide increase the mutation rate 
m Neurospora and this effect is attributed to hydrogen peroxide ac 
cumulated as a result of inhibition of catalase by the cyanide (Wagner 
et al 1950) Similar results have been obtained with cells of E coh 
treated with azide (Wyss et al 1948) Lethal effects from peroxide 
might well result if a fungicide exerted a sufficiently inhibitory effect 
on catalase 

As opposed to inhibition of enzymes stimulation of an enzyme into 
abnormal activity would constitute a medianism of toxicity It has been 
postulated that the effect of dinitrophenol on oxidative phosphorylation 
may be the result of its activation or stunulation of ATP ase in tlie 
mitochondria (Hunter 1951) 

Perhaps one of the most effecUve and subtle means of killing a fungus 
cell would be to mduce its enzymatic self destruction Prestidge and 
Pardee (1957) presented evidence that penicillin induces formation of 
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a lytic enzyme in cells of E. coli that attacks the cell membrane. Com- 
pounds like chloramphenicol and 7-azatryptophan, that inhibit synthesis 
of enzyme protein, protect cells from penicillin. 

It should be recognized that die ultimate cause of death of fungus 
cells, in which normal metabolism is disrupted by a fungicide, may in 
many cases be a form of autolysis in which cellular components are 
irreversibly altered by enzymes. 

VIL Biological Modification of FuNGicmES 

Susceptibility of an organism to a fungicide may in some instances 
depend on whether it can activate or detoxify the fungicide. If a com- 
pound is modified by an organism its toxicity may be increased, de- 
creased, or remain unaltered. Generally, mechanisms for altering foreign 
chemicals involve metabolic systems in existence in the cells prior to 
their exposure to a toxicant (Sexton, 1953), but there are exceptions to 
this generalization. Penicillinase accounts for the resistance of certain 
bacteria to penicillin. Development of penicillinase is an adaptive 
process in some species (Pollock and Ferret, 1951). Horsfall (1956) cited 
instances in which appreciable periods of association between fungi 
and fungicides are required before they are able to overcome the toxic 
effects, which suggests that detoxification awaits development of de- 
toxifying mechanisms in the cells. Activation or detoxification may in- 
volve direct enzymatic action on the toxicant or, in other cases, they may 
involve combination of the toxicant with metabolites or other cellular 
components. Conceivably, a toxicant may remain unaltered, but never- 
theless be rendered ineffective in a particular biological system by a 
competitive metabolite the accumulation of which is incited by the 
toxicant. 


A. Activation 

Although biological activation has received less attention than de- 
toxification, It may be a significant factor in controlling to.xicity and 
specificity of certain fungicides, insecticides, and growth regulators. 
Toxicity of organic phosphorus insecticides is generally attributed to 
interference with cholinesterase activity (Fukuto and Metcalf, 1956). 
Preliminary j'n ciuo oxidation is required to convert some members of 
this group into active cholinesterase inhibitors (Casida, 1956). Beta 
oxidation of the side chains of certain phenoxyalkylcarboxylic acids by 
plant tissues is reported to be necessary for their conversion into active 
herbicides (Wain, 1955). Different species of higher plants vary in their 
ability to bring about this oxidation, which probablv accounts for 
species spccificiU’ of these herbicides. 
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Dichlone (2,4 dichloro 1,4 naphthoquinone), the corresponding naph 
thohydroqumone, and its diacetyl ester are equally toxic when applied 
to certain fungi Byrde and Woodcock (1953) presented good evidence 
that the diacetyl ester is biologically activated by conversion through 
hydrolysis, to naph thohydroqumone, and Horsfall (1956) postulated 
that a phenol oxidase finally converts it to the toxic qumone form The 
importance of biological modification of dialkyldithiocarbamate fungi 
cides IS not entirely clear, but it is apparent, as is indicated by the 
followmg examples, that these fungicides are subject to alteration by 
fungi Cells of F roseutn decompose thiram with release of CS 2 (Sisler 
and Cox, 1954) This gas apparently arises from acid decomposition of 
dimethyldithioearbamate 10 ns formed as a result of biological reduction 
of the thiram Gokspyr (1955) demonstrated by spectrophotometric 
means that cells of bakers yeast can reduce thiram, and Johnston (1953) 
showed that thiuram disulfides can be reduced by glutathione On the 
other hand, Keilin and Hartree (1940) found that tlie cytochrome 0 x 1 
dase system m homogenates of animal cells oxidizes sodium diethyl 
dithiocarbamate to antabuse which strongly inhibits tlie succmoxidase 
system, and Neufeld et al (1957) prepared an extract from Pmcularia 
ortjzae that performs the same kind of oxidation Biological oxidation 
and reduction of the dialkyldithiocarbamates may possibly be of im 
portance m regulating theu toxicity or such reactions may simply be 
examples of metabolism of foreign diemicals in which toxicity is not 
significantly altered 

Sproston (1957) described an mterestmg case of activation associated 
with the natural resistance of Impatiens balsamma to fungal infection 
The fungitoxicants in this case apear to be polyphenohc compounds 
that occur in the plant cells probably as glycosides or other bound forms 
When spores of any of several fungal species germinate on the leaves 
and the hyphae penetrate the epidermal cells the invadmg fungi ap 
parently free or otherwise activate the polyphenols with the result that 
both the invaded plant cells and the fungus are killed 

B Detoxification 

Inherent detoxification mechanisms may account for tlie insensitivity 
of some speaes of fungi to toxicants that destroy other species For ex 
ample, strains of Endomyces vemahs tliat are resistant to p>Tithiamme 
decompose it whereas sensitive strains do not (Woolley, 1944) Dcsthio 
biotin strongly inhibits growth of Lactobacillus casci but actually has 
biotm activity for a number of yeasts and filamentous fungi (Dittmcr 
ct al , 1944, Lilly and Leoniin, 1944) Tlie htfer organisms arc nppircnt/y 
able to msert sulfur into the molecule thus converting it to biotin 
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Quinones and phenols are fungitoxic compounds which may be sub- 
ject to detoxification by fungal cells. In a study of toxicity of 44 phenols 
and quinones, Rich and Horsfall (1954) showed that those compounds 
which were oxidized and polymerized to yield colored products, when 
exposed to an extract from the mycelium of Stemphylium sarcinaeforme, 
are usually nontoxic to spores of the fungus. Of the compounds tliat 
yield a colored product 88% are nontoxic, while of those that do not 
yield a colored product 84^ are toxic. A similar but less striking relation- 
ship exists between toxicity and ability of mycelial extracts of Monilinia 
jructicdla to oxidize and polymerize quinones and phenols. 

Aspergillus niger detoxifies 2-naphthyIoxyacetic acid and /?-(2-naph- 
thyloxy) propionic acid by hydroxylating them at the 6- position 
(Byrde et al., 1956) and reduces the toxicity of phenoxyacetic and 
/3-pheno.xypropionic by hydroxylating tliem at either the para or ortJio 
position on the benzene ring (Byrde and Woodcock, 1957). 

Some fungi tolerant of arsenic metabolize it to volatile trimethyl 
arsine (Challenger, 1945) and this may represent a detoxification 
mechanism, but there are other species with higli tolerance that do not 
metabolize arsenic in this manner. 


Certain metabolites already present in fungal cells at the time of 
treatment undoubtedly contribute to protection of vital cellular com- 
ponents by reacting with fungitoxic compounds. Many amino acids will 
antidote the toxicity of copper sulfate to S. sarcinaeforme and A/, fructi- 
Powell, 1957). A number of fungicides interfere witli 
proteins and coenzymes, and naturally occurring 
su ly ry compounds such as cysteine and glutathione protect tlic 
proteins and coenzymes by combining with the toxicant and rendering it 
me ec ive. u lydryl compounds are known to react with lieavy metals, 
wiUi nabam (Siipestcijn and van dcr Kerk, 1954). with captan (Lukens 
. na bisler. 19o8), with -s-triazines (Burchfield and Storrs, 1957), and 
deriva?lv”s°''^* McNcw and Burchfield, 1951) to form nontoxic 


ctoxification often makes use of essential metabolites and of 
machinery, it should be e.xpccted tliat depletion of 
di^n f systems might ultimately result in 

fiin-T > 1 ° ^ ^ sulfur is a good example. Its toxicity to 

^ when they metabolize it to hydrogen sulfide, but 

for ft f 1 kc-. reduction, is thought to be responsible 

•o ' In :.nin.uls, ostein, is 

n ohtU m the detoufication of hromobenzene. Large doses of hromo- 
’iizcnc cause cessation of growth Ixicansc llicrc is insufiicicnt cysteine 
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for both detoxification and growth (Williams, 1947) Supplies of cellular 
components capable of mactivating toxicants are limited and can confer 
only a limited degree of resistance to a fungicide However, the relatively 
large quantities that are required of many common fungicides on a 
spore weight basis to mhibit germmation have been attributed to more 
or less mdiscnmmate mteraclion between toxicant and various cellular 
components (Owens and Miller, 1957) For instance, at subinhibitory 
concentrations dichlone reacts with substances from comdia of N sifo 
phila to form at least five different products (Owens and Miller, 1957) 
If any of the reactants are vital metabolites they occur in the spores in 
sufficient quantities to detoxify appreciable quantities of dichlone with 
enough remaming to support germination It is apparent that one of the 
characteristics of a fungicide of high efficiency (on a micrograro per 
gram basis) must be that of discriminate reactivity with cellular 
components 

Detoxification by reaction with a nonvital cellular component occurs 
m certain wood destroymg fungi that produce oxalic acid In these 
organisms resistance to copper fungicides results from formation of the 
relatively nontoxic copper oxalate (Rabanus, 1939) 

Vin Acquired Resistance to Fungicides 

Sustamed, acquired resistance to fungicides m populations of plant 
pathogens has not developed into a problem comparable to that of ac- 
quired resistance to antibiotics in bacterial populations or of acquired 
resistance m insects to certam organic msechcides Reports of fungicide 
resistant strams of plant pathogens m the field are limited Taylor (1953) 
collected spores of Physalospora obtusa from a number of orchards and 
found greater tolerance to Bordeaux mixture in those from orchards 
that had been contmuously sprayed with that fungicide than m those 
from orchards not so sprayed There is abundant evidence from the 
laboratory, however, that fungi either have the ability to develop 
tolerance to diverse kinds of fungicides or else that natural populations 
contain a few potentially resistant individuals tliat gam tlie ascendancy 
m the population when the organisms are cultivated m tlie presence of 
die toxicant \Vhiffen (1948) found that Saccharomtjces pastorianus ac- 
quired a sixteenfold increase m tolerance to cycloheximide after duee 
transfers in medium containing die antibiotic md Roper and Kafer 
(1957) isolated, from a medium containing acriflavme, three strains of 
A nidulans diat were resistant to dus toxicant In each of the three 
strains resistance was due to single gene mutation 

There arc reports of strams of fungi tliat are more tolerant than the 
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lal population to arsenic (Stakman et al, 1946, Wilson, 1947), to 
im and organic mercury (Gattani, 1951), to tetrachloronitrobenzene 
;Kee, 1951), and to copper sulfate (Mader and Schneider, 1948, 
> and Keplmger 1951) In some of diese cases the fungi retained 
r tolerance when cultivated m the absence of the fungicide, which 
cates a permanent change, whereas others lost their tolerance Leben 
I (1955) exposed conidia of Venturm maequalts to ultraviolet light, 
did not find among the survivors mutants that were resistant to 
rni or to sulfur 


factor that may account, in pait, for failure of resistant strams of 
logens to develop m the field may be the nature of tlie environment 
vhicli spores of most plant pathogens are exposed to fungicides 
f surfaces are relatively poor m substrates and there is good evidence 
resistant strams are less likely to develop when certain nutrients 
in limited supply or are unavailable This is suggested by the more 
uent reports of resistance arising in culture medium m the labora 
• tlian m the field Sevag and Rosanoff (1952) noted that when eitlier 
irtic acid or phenylalanme are absent from a medium tliat contained 
ptomycin, resistant strains of Micrococcus fail to emerge from the 
ulation altliough strams of the bacterium, which have developed re 
ince m the presence of these amino acids, retain their resistance to 
ptomycin when grown in medium laclong aspartic acid and phenyl 
ime cinitzer and Grunberg (1957) discuss other mstances in which 
Jrgence ol forms of bacteria that are resistant to toxicants is depend 
on the composition of the medium Mechanisms of resistance tint 
3lve utilization of detoxifying metabolites or changes m pH may be 
c ica y moperative in an environment of limited exogenous substrate 
Another and likely more important, factor m preventing emergence 
^ngici e resistant forms m the field is tlie less specific mode of action 
to those of Uie antibiotics and of some of 
c Cl es en a toxicant can affect a number of vital processes, 

^ inlubit growth, there is less likelihood tliat re 
rft Organism will develop tlian when toxicity is based on 

^ ^ ‘^6'^olopment of resistance is dependent on gene 

nr> strains of patliogens resistant to muta- 

e<i "ould be more prevalent than those resistant to fungi- 

•n m\esti^*tc^°^ mutagens, but apparently this possibility has never 

more complev diemically and more specific in 
niihn come into general use, the problem of resistance 

pathogens to fungicides m the field is Rely to arise 
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IX Mutation, Mitotic Disturbances, and 
Morphological Aberration 

A Mutagenesis 

A number of fungitoxic compounds produce mutations or affect the 
process of mitosis In considermg the physiology of fungitoxicity one 
should be concerned with mutagenic effects both because they may 
be mvolved m the mechanism of action of the fungicides and be 
cause of any possible hazard that tliey may constitute for people who 
handle or who are otherwise exposed to such toxicants Mutagenic 
chemicals are usually recogmzed by the heritable abnormalities that 
they produce m the progeny of those cells that survive treatment When 
cells do not survive treatment with a fungicide, the cause of death 
might well be lethal mutation without bemg recognized as such 

In addition to gene mutations, there may be cytological mutations 
involvmg structural changes m chromosomes such as breaks deletions, 
and mversions Inasmuch as chromosomes of most fungi are too small 
for easy cytological study, much of the evidence for fungicidal effects on 
cliromosomes and mitotic behavior is mduect and is based on observable 
effects m root tips of Vtcia faba and Allium cepa Toxic chemicals some 
times cause pycnosis or stickmess of cliromosomes In the most severe 
instances, the cliromosomes appear to melt together and recovery of 
cells so affected is impossible (Levan, 195Z) Some cliromosomal aber 
rations may not arise from direct action of a toxicant, but rather may 
represent post }etha] autoiytJC damage, possihiy jnvoivjng die ocboD of 
deoxyribonuclease or of proteolytic enzymes 

Qumones, phenols, and 8 hydroxyquinolme are among tlie fungitoxic 
compounds reported by Levan (1951) to be mutagenic m root tip tests 
witli higher plants Tlie fungicide, tetrachloronitrobenzene, induces 
mutations m F cocruleum (McKee 1931) Fries and Kihlmin (1948) 
produced mutations m Ophiostoma multiannulatum with certam methyl 
xanthmes The mutations produced by chemicals of tins type may involve 
interference witli nucleic acid metabolism (Loveless and Kevell, 1949) 

It seems possible tliat tliese purine analogues may replace normal com 
ponents and result in the synthesis of defective nucleic acids This would 
represent a case of Ictlial synthesis for those cells tliat do not survive 
Mutagenesis may result from accumulation of toxic metabolites Com- 
pounds that poison catalase, winch normally destroys hydrogen peroxide 
m cells, bring about an increase m the rate of mutation in Ncurospora 
(Wagner ct al , 1950) and m bacteria (Wyss ct al , 1918) 
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Some of the same fungito\icants thit are known to induce lethal mu- 
tations, drastic structural changes in chromosomes, or abnormal chromo 
somal behavior are capable also of other effects m cells In such cases, 
it may be difBcult to determine which effect is primarily responsible for 
their general toxicity to fungal populations An excellent example is 
presented by tlie nitrogen mustards which are well known mutagens, 
but which also inactivate the enzymes, hexokmase, adenosine triphos- 
phatase, cholme, oxidase, and acetylase (Sizer, 1957) Herriott (1948) 
found, however, that sulfur mustards mactivate viruses, especially tliose 
that contam deoxyribonucleic acid, more readily than tliey mactivate 
enzymes He suggested that this was the result of reaction with nucleic 
acid If this IS true also of the nitrogen mustards, it constitutes strong 
circumstantial evidence tliat tlieir primary toxic effects on cells may 
involve the chromosomes Formaldehyde causes mutations m Neurospora 
as well as in higher plants, bacteria, and Drosophila (Jensen et al> 
1951) Its wide use in inaclivatmg viruses is ample evidence of its 
activity agamst nucleoproteins Cartwright et al (1956) suggested a 
number of possible sites of lethal action of formaldehyde with tlie 
tobacco mosaic virus Included arc tlie ammo groups of the purines and 
pyrimidines and the hydroxy groups of ribose m tlie nucleic acid These 
appear to be the most likely sites of action, because it is generally con 
ceded that the nucleic acid portion of the virus contains the biologically 
active centers Viruses and chromosomes are similar in their chemical 
composition Thus with formaldehyde, as with the mustards, there is 
reason to suspect that the primary lethal effect may be on the chromo 
somes but this need not necessarily be the case because a number of 
vital components other than nucleic acids of the chromosomes are re 
active with formaldehyde and m many cases may be more accessible to 
the toxicant 


B Interference with the Mitottc Spindle 
In the process of cell division the orderly movement of the two sets 
of chromosomes to opposite poles of the dividing cell involves the forma 
tion and functioning of the mitotic spindle Appearance of the spindle 
mechanism in some ceils is accompanied by abrupt changes in the 
viscosity of the protoplasm — sometimes referred to as mitotic gelation— 
and the spindle fibers appear to aystallize from the protoplasmic fluid 
(Heilbrunn 1952) They are similar m appearance to tactoids or liquid 
crystals and their structure may mvolve hydrophobic linkages between 
proteins or between proteins and hpids Malformation or malfunction of 
the spindle results m polyploidy, unequal distribution of nuclear ma 
terial or other cytological aberrations Such phenomena are sometimes 
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initiated by fungicides In general, fungicides that affect development 
or function of the nutotic spindle differ from those that affect chromo- 
somes directly (Horsfall, 1956) 

One major group of compounds that affect spindle formation is the 
hpid soluble compounds whose activity is correlated with their physical 
properties rather than with their chemical reactivity (Levan and 
Ostergren, 1943) Included in this group are naphthalene and benzene 
and their derivatives and most probably many other compounds of this 
type Fat soluble anesthetics and colchicine, at concentrations that pre 
vent cell division, typically prevent mitotic gelation m sea urchm eggs 
(Heilbrunn, 1952) Compounds of this kind probably exert their effects 
through interference with hydrophobic Imkages in the spindle structure 

Organic mercury compounds constitute a second group with rather 
high activity m disrupting spindle function, but they probably act by a 
different mechanism from the previous group of compounds Levan 
(1951) reported that butyl mercury iodide is about 1,000 times more 
effective than is colchicine in inducing c mitosis m onion root tips 
Organic mercury fungicides, used as treatments on rye seed, have been 
knoNvn to induce tetraploidy (Levan, 1951) 

Cycloheximide consistently produces aberrant mitotic behavior in 
onion root tips (Wilson 1950) and affects meiosis m Gijmnosporangium 
m a manner suggesting malfunclionmg of the spindle (Berliner and 
Olive, 1953) A list of compounds that are reported to produce mitotic 
aberrations has been compiled by Horsfall (1956) 

C Effects on ^forphologlf 

Morphological abnormalities, such as giant cells, hyphal monstrosi 
ties, and a filamentous habit m organisms that normally grow by frag 
mentation mto mdividual cells, are among tlie effects produced m plant 
pathogens, other fungi, and bacteria by certam toxic agents Responses of 
tins kmd imply mterference of such a nature that the cell, although 
unable to divide normally, retains its capacity for growth— at least for 
a while Certam speafic inhibitors of cell division characteristically 
induce bacteria to grow in filamentous form, and yeast to produce 
enlarged paired cells (Loveless et al, 1954) 

Although general mterference willi mitosis may in some cases account 
for abnormalities of the kmd under discussion here, there are other 
instances in winch tliere is a more specific effect, posibly involving dis 
sociation of the processes of nuclear division from cleavage of the cyto 
plasm or of the cell wall Nickerson (1948) advanced the hypothesis that 
cell division normally involves a chain of enzymatic reactions that can 
be uncoupled from growth processes It is thought that sulflivdrvl 
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containing substances play a role m fragmentation, because such com- 
pounds as cysteine and glutathione promote cell division and antagonize 
tlie effects of such substances as cobalt and penicillin tliat tend to 
prevent cell division 

Horsfall (1956) has compiled and discussed much of the literature 
on toxicants that incite morphological abnormalities m fungi 

Allison and Christensen (1957) described the injurious effects of the 
antibiotic, filipin, on Helminthosponum sativum as includmg mutations, 
tumorlike growths, and rupturing of the cells with extrusion of the 
protoplasts Among the chemicals that inhibit cell division in E coh 
without inhibiting growth arc acnflavine, diazouracil, dietliyl sulfate, 
ethylemmine, 5 nitro-7-hydroxybenzothiazole, and /J-propiolactone Nitro 
gen mustard and tnethylenemelaminc specifically mhibit cell division in 
bakers yeast (Loveless ct al, 1954) Morphogemc effects are also pro 
duced by appropriate doses of irradiation Ultraviolet treatment of E 
coh results m its developmg in the form of “long filaments” or “snakes ” 
The effect appears to be quite specific since syntheses of deoxyribonucleic 
acid, ribonucleic acid, and protems continue at the same rates m 
irradiated as m unirradiated cells (Deermg and Setlow, 1957) At proper 
levels, a , y, and X irradiation also inhibit cell division without affecting 
growth of E colt and of S cereotsiae (Loveless et al, 1954) It is inter 
esting that many of the agents that specifically inhibit cell division are 
also mutagenic, but there is no definite evidence that the failure of 
cells to divide after treatment with these agents is a result of damage to 
chromosomes Death ultimately results if cells fail to regain their 
ability to divide normally 

X Spores versus Mycelium 
A Effects on Sporulatwn 

Sporulation m filamentous fungi is a fragmentation process that ap- 
parent y oes not differ in any fundamental way from the behavior of 
acteria and yeasts that normally reproduce by fragmentation into 
in ivi ua cells The process may be considered as consisting of two 
steps-mitosis m which nuclear material is distributed properly between 
le mot er and daughter cells and second, cell division involving 
c eavage o the cytoplasm and organization of new cell wall material 
in sue a way that the spore separates from the structure on which it is 
produced 

A number of fungus diseases of plants could be controlled effectively 
^sporulation could be prevented so as to reduce the inoculum potential 
Horstall and Rich (1955) became interested in compounds that might 
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selectively inhibit sporulation as a possible means of plant disease con- 
trol They compared a number of compounds, including mitotic poisons, 
chelating agents, and otliers as to their relative effectiveness m reducing 
mycelial growth and m inhibiting production of conidia by Moniltma 
fructicoh Some of the mitotic poisons showed greater mhibitory activity 
toward sporulation than toward mycelial growth, as did also a number 
of the chelating agents Several compounds, including ketones, acids, 
and amides that are a-/? unsaturated, actually enhanced sporulation, 
while among the compounds that were most active in selectively sup- 
pressmg sporulation in these experiments were sodium thiocyanate, 
benzidme hydrochloride, diphenyllhiocarbazone, and bis(4-dimethyl 
ammophenyl) methane Metals may promote sporulation (fragmenta 
tion) m some instances (Foster, 1949, Bortels, 1927), but m others have 
the opposite effect Cobalt, for example, mduces certain yeasts to grow 
in filamentous form (Nickerson, 1948) Zmc is involved m the fragmenta 
tion process in cultures of Usttlago sphaerogena (Grimm and Allen, 
1954, Spoerl et al , 1957 ) , but the exact nature of mvolvement is not 
understood Compounds that react with metals might logically be ex 
pected to affect sporulation and Rich and Horsfall (1948) found that the 
metal chelator, dimethylglyoxime, prevents sporulation in A niger at 
concentrations that do not appreciably affect growth of mycelium 
Inhibition of sporulation in A niger by thiourea (Fleury, 1948) and m 
Percnospora destructor by limesulfur (Yanvood 1937) is cxinsidered to 
result from interference with essential metals (Horsfall, 1956) 

It IS well known that sporulation of many plant pathogenic fungi in 
culture IS sensitive to minor nutritional and environmental changes that 
do not appreciably affect mycelial development If sporulation m nature 
is likewise a more sensitive process than growth it would appear to be 
appropriate to contmue and to intensify the search for specific chemical 
inhibitors of sporulation, because reduction of inoculum potential might 
constitute an easier and more eflBcient means of controlling some plant 
diseases than attempting to suppress spore germination and infection 
bv use of protectant fungicides 

B Comparative Sensitivity of Spores and ^flJcellum 
Some toxicants ne more effective in inhibiting spore germination than 
they are in inhibitmg mycelial growth, whereas other toxicants exhibit 
the opposite effect Diphenyl, for example, does not mhibit germination 
of spores of several species of fungi, but it is inhibitory to hyphal growth 
of these organisms (Ramsey et al, 1944, Horsfall, 1956) Spores of the 
fungus Trichophyton purpuretim germmate m solutions containing suf 
ficicnt sulfanilamide to completelv inhibit hvplnl growth (N S Dimond, 
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1941). Horsfall and Rich (1953) reported a number of compounds tliat 
inhibit mycelial growth of M. fructicola, but fail to prevent spore 
germination. 

Smee germination docs not necessarily involve nuclear division or 
require the transport of substrates into the cell, as is the case in mycelial 
growth, it has been proposed that interference with these processes 
could logically account for the greater sensitivity of hyphae (Horsfall, 
1956). Spores ordinarily cany greater reserves of certain vital metabolites 
than mycelium and interference with the synthesis of these would not be- 
come apparent during germination, but would be immediately apparent 
m hyphal growth. 

Higher sensitivity of spores than of mycelium, may be explained m 
some cases by the relatively slow rate at which mycelium accumulates 
toxicants from the medium (McCallan and Miller, 1957). However, 
they showed that on the basis of the ultimate quantities of toxicant 
taken up, spores and mycelium are about equally sensitive. When inter- 
preting observed differences in sensitivity beUveen spores and mycelium, 
one must consider whether the amount of fungal material was equivalent 
m the two cases. 

A criticism that might be leveled at the spore germination test for 
evaluating fungicides is tliat it fails to detect toxicants which inhibit 
mycelial growth without affecting germination of spores. 

XL Conclusion 

Considerable progress has been made in identifymg the cellular ac- 
tivities that are mvolved when plant pathogenic organisms are controlled 
by fungicides and in recognizing the factors governing sensitivity and 
resistance to toxic compounds. Our knowledge of cellular physiology 
and structure is still too incomplete to permit following a purely rational 
approach to the design of a specific toxicant for a specific use. For some 
time progress will probably continue largely along empirical hnes, but 
as our understanding of comparative physiology and biochemistry and of 
the subtle details of differences at the cellular level between species 
improves, we will move in the direction of a sounder scientific approach 
to control of plant diseases by chemical means. 
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I. iNTRODOCnON 

This chapter will deal witlx tixe intrinsic properties of compounds 
tliat make Uicm fungilOAic. The preceding chapter dealt with the bio- 
logical pathwa>’S susceptible to poisoning. 
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As IS tlie case of almost any discussion of chemical prox^crties relating 
to biological action, there will be considerable simplification Killing 
of hvmg cells by a chemical compound is not a simple process, but 
ratlier the total observable response to a single or multiple chain reaction 
Whetlier or not a specific property of a compound will result m tlie 
death of a specific cell or tissue very often depends on an exquisite mter 
action between the physical cliemical properties of the compound and 
tliose of the cell affected For example, fluoroacctic acid is produced in 
the poisonous plant Dichapetalum without harm to the plant Peters 
(1952) has found that when mammils ingest the x>lant, the fluoroacetate 
is mistaken for acetate in the Krebs cycle and fluoroacetate is produced 
which inhibits acomtase This causes citrate to accumulate Peters feels 
that tlie excess citrate is the toxicant Here is a delicate change with a 
profound effect Fluoroacetate is not a direct poison, but may be 
changed by mammalian tissue into another compound, fluorocitratc 
which causes the accumulation of the toxicant It would indeed be an 
oversimplification to ascribe to one property of fluoroacetate the ability 
to kill directly 

What must a compound be able to do in order to poison i cell? 
Sunply stated, a poisonous compound must be able to get to a site of 
action resist changes m transit, and exert a deleterious effect when it 
arrives Requirements for poisonous molecules will, therefore, differ ac 
cording to where they exert their effect If they act outside the cell or 
at Its surface they will have no need to penetrate the intricate cellular 
membranes In this case, the requirements for toxicants would be much 
simpler and less specific than for compounds which must penetrate 

Most organic molecules enter living cells most efficiently m the 
nomonized state Organic toxicants therefore are usually most toxic m 
their nomonized form 

Are molecules always most toxic in their nomonized form? Albert 
(1951) and his group have found that the bactericidal effectiveness of 
the acridines and related senes depends on their ability to ionize Also 
the addition of an ahphabc side cham which usually aids permeation 
and attendant toxicity actually reduces tlie bactentoxicity of these 
compounds Albert has deduced that acridine must act at the surface 
of the bacterial cells 

The 8 quinolmol derivatives on the other hand must be nomonized 
for maximum effect If as m the case of 8 quinohnols the toxic mole 
cule must enter the turbulent laboratory of the hvmg cell the molecule 
must resist destruction before it reaches its site of action Rich and 
(Horsfall 1954a) have demonstrated correlation between the detoxi 
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fying enzymes present in fungi and die resistance of these fungi to 
poisoning 

What does this mean m terms of comparative reactivity? A toxic 
molecule which is highly reactive and relatively unstable would be 
most likely to act m the outer porUons of tlie cell Great reactivity 
might serve to destroy and detoxify such a molecule before it moved 
very deeply mto the cell This property may, in fact, destroy a compound 
m the ambient fluid before it reaches the cell For example, the presence 
of cysteme in the ambient fluid destroys captan before it cm poison 
yeast cells (Lukens and Sisler, 1958) Lukens and Ricli (unpublislied) 
find tliat if yeast cells are treated witli cobalt and tlien washed free of 
excess cobalt, they are more susceptible to captan than cells not treated 
with cobalt Assuming that cobalt ties up surface sulfhydryl groups 
(Nickerson and van Rij, 1949), die cobalt pretreatment presumably 
prevents tlie partial breakdown of captan on its way to its site of action 
within the cell 

A more stable, relatively unreacUve molecule would have a greater 
chance of penetrating unchanged to a site of action deeper within the 
cell It will be seen tliat compounds considered chemically inert may 
bo toxic 

Not only the relative site of the action but also the mode of action 
dictates requirements for a toxic molecule For example a competitive 
antimetabolite has more and subtler requirements than those of a non 
specific poison, such as phenol Sulfanilamide must not only be able 
to penetrate to a site of action and be resistant to detoxication but in 
addition its molecular configuration must very closely approximate the 
metabolite p ammobenzoic acid with which it competes within the cell 
The distances between atoms m the molecule and their spatial relations 
are critical to the action of sulfanilamide 

Much has been said of the solubility of toxicants in relation to their 
toxicity Does a compound have to be water soluble to be toxic? How 
else can it be reactive in the water flooded mterior of the celJ^ Actually 
such materials as copper oxide, sulfur and dichlone highly insoluble in 
water are toxic Very often water solubility is inversely related to 
toxicity as in the analogues of metallic 8 quinolmolates This does not 
imply that good solubility in water precludes toxicity The organic 
mercury salts highly water soluble are excellent fungicides Usually 
those toxicants which are water soluble are very reactive compounds 
exerting general nonspecific toxicity 

Why this wide variation in the rdation between toxicity and water 
solubility? As the sites of action may be m polar or nonpolar milieu or 
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in a medium with both polar and nonpolar groups, e g , protems, toxic 
compounds must and do vary in their solubilities dependmg on where 
they must go to become toxic 

Most often m the case of organic toxicants, of primary importance is 
not water solubility or lipid (nonpolar) solubility, but rather the par 
titiomng of the compound between tlie two phases Rich and Horsfall 
(1952) state the case for the importance of this relationship in the action 
of fungicides Working with a series of nitrosopyrazole analogues, they 
showed that increasing the oil-water partition coefficient from 0 48 to 
6 66 mcreases fungitoxicity ten thousandfold with no appreciable change 
m the dosage response slopes of the analogues They interpret this to 
mean that the change in the duection of high oil water partition has 
greatly increased the penetration of the compound into the cell without 
altermg the mode of action 

This solubility balance may be so critical that it may decide whether 
a compound will be toxic to one plant species and not to another Well 
man and McCallan (1946) working with 2 substituted imidazoline 
derivatives found that the tridecyl derivative was fourteen times more 
phytotoxic than the heptadecyl derivative The heptadecyl homologue, 
however, was twice as toxic to fungi as the tridecyl homologue 

A more complicated relationship between toxicity and comparative 
solubilities exists in the 8 quinolinol derivatives Albert and Hampton 
(1954) and Albert et al (1954) showed that the antibacterial action of 
oxine derivatives is directly and closely correlated with oil-water par- 
tition Albert ct al (1953), with bacteria, and Block (1956) and Sij 
pesteijn et al ( 1957 ) , with fungi, have demonstrated by various indirect 
biological methods that the toxic species of oxme and its derivative is 
the water-soluble half chelate When the system is flooded with oxme 
well in excess of that needed for full chelation, tliere is no toxicity 
Excess oxme would maintain the full chelate within the cell, preventing 
it from going to the half chelate Thus, high oil water partition is es- 
sential for movement of the molecule to a site of action, but, once there, 
the water soluble half clielate must be present for toxicity Tins does 
not imply that water solubility per se is essential to tlie toxicity of the 
half chelate but merely tliat high oil water partition is essential to 
movement, and once inside the cell this condition is not essential to 
toxicitv 

Tlie toxicity of another group of compounds appears to be com- 
pletely correlated with oil water partition, with no evidence that any 
other property is mvolved These are the so called inert, nonspecific 
toxi^ts winch follow die Ferguson effect, to be discussed later 

TIic properties aiding direct permeation mto a cell may not be the 
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only ones of importance in moving a damaging number of toxic mole 
culL to tire site of action Snssman (1954) showed that dormant asco 
spores of Neurospora adsorb etliylenediarnme 

surface The adsorption takes place even d the spores are first y 

boilmg If the ethylenediamme tetraacetic acid is removed from the 

spores before their Lmancy is broken, there is no toxicity, but ethylene 

Tmme tetraacetic acid is toxic if present when germmation processes 

begm Sussman interprets this to mean that the ethy enediamme tetea 

Let” acTd cannot enter tlie dormant spore Not until tire permeability 

ropL^efuf the spores ■ihangeJiVHe^^^ 

tnxip molecules enter Lowry et al (lan/; presemcu 
toxic molecules e , 

metallic cations such as Ag*, Lu , onfroiinv a toxicant 

”;s i,.- 

silver, for example, as high as zi-a p p ^ seconds of exposure to a 

uphyMonilinm/ructicolnspore^mth^^^^^ 

maximum possible ^ose f „f spore weight in the first 30 

niger spores at the rate ot pp ^ 10 000 PPm 

seconds of exposure to a maximurn possi magnitude were the 

Miller et al (1953b) point out that if d-s oHhis^magn 

result of simple adsorption, th ^n^oant This does not appear 

covered with multimolecular lay 

^ nq'^ 7 > later studied the distribuhon of cerium 

Owens and Miller (195^) workers dismtegrated toxicant 

and silver toxicants m fracUonated the spore fragments 

treated spores by ^ic 4 * „£ the total amount of cerium 

by centrifugaUon They ^ U waUs Owens and Mdler 

or silver taken up was associated „nlls or plasma mem 

feel that adsorption of cerium ^t of these toxic ions mto the 


Drones plays iiuie * iv 7 «.,r/wnora « 

cnn .H. a ot their Wo test organisms murospom 

“g®'' c,™ to move to site of action without 

Having the properties 5 n„? The next secUon of this 

bemg detoxified, how may ™, ^ cal and cliemical properties of the 
chapter wiU deal witli 9°^**'’ ® l.vmg cells The following Wo 

compounds which may ® ® ^ organic toxicants m detail The 
sections discuss specinc fe 
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last section will deal witli fashioning fungicides and with tlie future of 
fungicides 


II Destructive Properties of Fungitoxicants 

Very few fungitoxic mechanisms are fully understood Possession of 
one of the properties discussed below does not necessarily make t e 
molecule toxic, nor does it explam why the molecule is toxic Rather, 
this is a discussion of chemical and physical properties by which mole 
cules may disrupt essential life processes 

A Direct Chemical Interactions 

Toxicants may undergo direct chemical interactions with vital con 
stituents of the cell For example, irreversible addition or substitution 
reactions with important enzymes or substrates would effectively poison 
a cell Even reversible reactions will inhibit manifestations of life, and 
eventually cause death if a contmumg supply of the toxicant is fed to 
the cell These reversible reactions, mhibitmg only as long as the 
toxicant IS present, exemplify fungislasis or bacteriostasis 

Whether or not a toxic reaction is reversible, will depend largely on 
the type of bonds formed between toxicant and vital component Albert 
(1951) summarizes bonds of importance m biology and gives their 
usual bond strengths The van der WaaW bond is a weak bond (about 
0 5 kilocalories) which may occur when any two atoms or two different 
molecules approach each other Atoms must be able to approach each 
other very closely if they are to be firmly bound by van der Waals 
bonds Although a single one of these bonds is weak, there may be many 
of them between molecules of toxicants and vital constituents The 
formation of many van der Waals’ bonds is more likely to occur between 
molecules which can fit close together because of their molecular 
configurations 

The hydrogen bond, with a strength of 2 to 5 kilocalories, is fairly 
common m biology In biological systems the hydrogen bond donors 
are usually the groups = N* — H, =N— H, or — O— H The hydrogen 
bond accepts oxygen or nitrogen atoms, or sometimes chloride ions 
Tlie hydrogen bond is apparently made by resonance between 
structures where hydrogen is attached to one or the other of the atoms 
which it joins There is supposedly no actual oscillation, but the distribu* 

tion of electrons is intermediate between the two forms [A ff 

and [AH B1 and is represented by [A Bl. The hydrogen bond 

IS stable, because the energy of the mesomeric state is less than that o 
either of the other structures 
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lotuc bonds, n usual strength of about 5 kilocalories, form be 
ts^ccu oppositely ciurged ions This is the bond of salt formation 
By far the strongest is the coialcnt bond uilh bond strengtlis of 
from 10 to 100 kilocalories This bond, m which combining atoms eacli 
contribute one shired electron makes for essentially irrc\ersib]c com 
bmalions between to\ic molecules md \ital components Sucli reactions 
as alkylation, acylilion, or lulogenation are most likely to cause 
irreversible iioisonmg Tor example, Burchiield and Storrs (1956) sug 
gest that 2,1 dicbloro C(o clduroaiuhno) s tnazinc may be so effective as 
a fungiloxicant beciusc it alkylilcs amino acids 

Factors other tinn bond strcngtli arc also imporlmt in toucity by 
direct clieniical interaction One of these factors is TLaction rate Burch 
field and Storrs (1957) studied tlic importince of rerction rate in tlic 
activity of toxiCMits Specifically, ihcv inicstigaled the kinetics of re 
action m titro betueen toxicants and vital constituents of cells AI 
tliough tuo tOMCints may possibly reict with the same group of a vital 
constituent, the case and speed with which the reaction occurs m ly well 
decide whether die reaction is important to tlic toxicity of one com 
pound and not the otlicr Some of the factors discussed ucre energies 
of activation, frequency factors degree of solvation of a reactive halogen 
and tlic degree of dissociation of the substrate I Fluoro 2*1 dmitro 
benzene was found to be a more highly specific reagent for sulfliydryl 
groups tlian is 2 1 dicli!oro>6(o chloroanihno) s triazine Conversely die 
s triazinc is highly reactive widi organic amines and phenols while 
the 1 fluoro 2,4 dinitrobcnzcnc is not This latter difference is apparently 
related to the low dissociation constants of organic amines and phenols 
important to die grovvdi of die organism 

Lukens and Sisler (1958) suggest that the toxicity of captan is 
related to double decomposition reaction of captan vviUi sulfliydryl 
containing components of die cell Here again whether or not a com 
pound will react m a certain way is not enough to make it a toxicant 
The rate of reaction must be sufiicicntly fast to be effective For example 
if captan zs toxic because of the reaction of S C(C1)3 with essential 
sulfliydryl groups tlien the rest of the molecule may decide the toxicity 
of the compound as a whole The phlhalimide moiety of captan has car 
bonyl groups on each side of the N These electron attracting groups 
weaken the N— S bond If these electronegative groups were not present 
or not m conjugation with the N the resulting N-S linkage would be 
much more stable The reaction rates would be slowed doivn and 
toxicity would be lessened For example our data show that JV hi 
chloromethylthiocarbazole is much more stable than captan and also 
practically nonfungitoxic 
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The heavy metals, such as silver and mercury, combine readily and 
firmly with sulfhydryl groups. Without question, this property con- 
tributes to their toxicity. Certain well-known specific reagents for 
sulfhydryl groups, such as iodoacetamide, are also toxic. 

Not only are metals toxic because they may combine readily and 
firmly with cellular constituents, but also other molecules may be 
toxic because they combine with metals which are necessary to life. 
This latter mechanism has been proposed for chelating agents ( Zentmyer, 
1943). Binding metals is presumably the action of azide and cyanide. 

Bisulfite, toxic to many organisms, is known to combine with pyru- 
vate. This combination would mhibit the decarboxylation of pyruvate, 
essential to organic acid metabolism. 

The or, /J-unsaturated ketones, including quinones, form addition 
products with thiols and amino compounds. This property has been 
suggested (Geiger and Conn, 1945) as a basis for toxicity. 

There are, then, a number of direct reactions between foreign mole- 
cules and cellular components which may lead to toxicity. 

B. Effects on Enzyme Systems 

One of the most popular areas of research on toxicants has been the 
study of their effects on enzyme systems. The primary reason for this 
has been the need to explain the profound effects produced by the 
application of extremely low dosages of toxicants. A most reasonable 
explanation is the assumption that the toxicants hit the organisms m 
a Vital Imk m their metabolic cham. The many enzymes needed by or- 
ganisms to change raw food materials into energy and living substance 
oom l^ge as potential targets. These organic catalysts are not only 
toemselves susceptible to inactivation, but also the processes they per- 
form may be so altered as to result m toxicity. When these effects are 
described, tlierefore, they are presented in terms of effects on enzyme 
systems. 

1 . Enzyme Inhibition 

The tliree principal kinds of inhibition of enzyme systems are termed 
con^etitive, noncompetitive, and uncompetitive. 

ompetitive inhibitors presumably poison by so closely resembling 
vi a su strate that they are taken up by the enzymes which normally 
wor * on t lese substrates. The inhibitor molecules, however, differ suf- 
cient y rom the normal substrate molecules so tliat they cannot he 
Ranged by the enzymes into nutrilites needed by the cell to survive. 
Tile insertion of these ill-fitting keys into the active sites on tlie enzyme 
exclude the required substrate. TTie competition betxveen the essential 
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molecules and the imposter molecules for enzyme sites is in proportion 
to the ratio of the two competmg molecules m the system In other 
words, the degree of enzyme mhibihon is proportional to the ratio of 
substrate to mhibitor The more substrate, the more mhibitor required 
for the same degree of inhibition, and vice versa 

The classic Lmeweaver-Burk (1934) plots of enzyme kmetics com 
pare tlie reciprocal of substrate concentration S to the reciprocal of the 
observed reaction rate v Figure 1 represents a typical plot for a case 
of competitive inhibition 



Fig 1 Lmeweaver Burk plot for competitive mhibibon 

The slope V of the inhibited line (a) is much steeper than the slope of 
the noninhibited line (b) The intercepts ivith the ordinate, however, 
are identical 

Equabon 1 describes the steady state for competihve inhibition 
At steady state V =: maximum velocity when the enzyme substrate 
combmation is maximum 

V 

" “ T+Kii + (.n/K,]/s 

Kb = Michaehs constant, which is the substrate concentration at 
which half maximum velocity is reached 

I = Concentration of inhibitor 

S = Concentration of substrate 

K = Constant for dissociation of enzyme-mJnbitor combination mto 
enzyme and mhibitor 

As S IS mcreased it affects both K, and V When S is suSciendy 
large, mhibition is completely overcome, and the intercept at sufficient 
value of S becomes identical wlh that of no mhibitor The slopes of tlie 
two systems, one with and the other without inhibitor, differ by the 
function [I "b (I) / KJ 

Noncompetitive mhibiUon applies to the case where the mhibitor 
combmes with the enzyme at a pomt other than the site at whicli tlie 
substrate attaches There are two other requirements for this type of 
inhibition (a) the inhibitor exerts a total inhibitory effect, and (b) tlie 
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The heavy metals, such as silver and mercury, combme readily and 
firmly with sulfhydryl groups Witliout question, this property con 
tributes to their toxicity Certain welHoiown specific reagents for 
sulfhydryl groups, such as lodoacetamide, are also toxic 

Not only are metals toxic because they may combine readily and 
firmly with cellular constituents, but also other molecules may be 
toxic because they combme with metals which are necessary to life 
This latter mechanism has been proposed for chelatmg agents ( Zentmyer, 
1943) Bmding metals is presumably the action of azide and cyanide 
Bisulfite, toxic to many organisms, is known to combine with pyru- 
vate This combination would mhibit the decarboxylation of pyruvate, 
essential to organic acid metabolism 

The a, /3 unsaturated ketones, mcludmg qumones, form addition 
products with thiols and ammo compounds This property has been 
suggested (Geiger and Conn, 1945) as a basis for toxicity 

There are, then, a number of direct reactions between foreign mole 
cules and cellular components which may lead to toxicity 

B Effects on Enzyme Systems 

One of the most popular areas of research on toxicants has been the 
study of their effects on enzyme systems The primary reason for this 
has been the need to explain the profound effects produced by the 
application of extremely low dosages of toxicants A most reasonable 
explanation is the assumption that tlie toxicants hit the organisms m 
a vital Imk m their metabolic chain The many enzymes needed by or- 
ganisms to change raw food materials into energy and living substance 
oom large as potential targets These organic catalysts are not only 
themselves susceptible to macUvation, but also the processes they per 
form may be so altered as to result m toxicity When these effects arc 
described, tlierefore they are presented m terms of effects on enzyme 
systems 

1 Enzyme Inhibition 

Tile tliree principal kmds of inhibition of enzyme systems are termed 
compeUtive, noncompetitive, and uncompetitive 

ompetitive inhibitors presumably poison by so closely resembling 
VI a su strate that they are taken up by tlie enzymes which normally 
^ or on ese substrates The inhibitor molecules, however, differ suf- 
hcicntly from the normal substrate molecules so tliat they cannot be 
diongcd by the enzymes into nutnhles needed by the cell to survi\e 
The insertion of these ill fitting keys mto the active sites on the enzyme 
exclude the required substrate The «)mpetition between the essentia! 
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evidence that 2 heptadecyl-2 imidazoline is a competitive antagonist 
for guanme and \anthme in Sclerotinia fructicoja 

Because a compound may act as a competitive inhibitor on one or 
ganism is no reason to believe that it acts as such in another Usually, 
compebtive inhibition is most striding in those cases ivhere die or- 
ganism IS heterotrophic for the particular metabolite being antagonized 
A very striking example of the complexity of enzyme mhibition as a 
toxic mechanism is described by Woolley and Shaw (1951) They 
found that 2 azaademne is particularly lethal to Lactobacillus species 



2-Azoadenine Hvpoxoninine 


Fig 3 Hypoxanthme (right) and its antunetabolite, 2-Azaademne (left) 
They tested the purmes, hypoxanthme, adenine, and xanthme as pos 
sible metabohtes being antagonized, with the followmg results 2 Aza 
adenme competitively inhibits hypoxanthme (Fig 3) Its toxicity is 
largely overcome by trace amounts oE adenme, but is not appreciably 
alleviated by large amounts of xanthme Witliout the inhibitors, xanthme 
IS as effective as hypoxanthme m the purme nutrition of these bacteria 
From their results, it becomes obvious that 2 azaadenme is highly 
specific m Its effects on Lactobacilb It is not sunply a competitive in 
hibitor of purmes as a class, but of one purine m particular hypox 
anthme 

Their experiment agam serves to illustrate the physiological implica 
tions that may result from toxicological studies Their results indicate 
that the chain of nucleoside synthesis m Lactobacillus goes from xanthme 
-> hypoxanthme adenme If 2 azaadenme breaks the chain at hypo 
xanthme, the addition of more xanthme could have little effect The 
addition of adenme, however, would be beyond the block and nucleic 
acid synthesis could contmue 

Noncompetitive mhibition as a toxic mechanism may be postulated 
for almost any toxicant which can denature protems For example 
picric acid, a protem precipitant, is quite fungitoxic and may act by 
denaturmg proteins The same may be said for formaldehyde Any of 
the ammo acid reagents shown to be fungitoxic by Horsfall and Zent 
myer (1944) may be actmg as noncompetitive inhibitors 

Uncompetitive mhibition has not been postulated as a toxic mecha 
nism for any one particular known toxicant This type of mhibition must 
surely contribute to the loxiaty of some poisons 
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binding of inhibitor to enzyme is mdependent of substrate Under 
these conditions the Lmeweaver Burk plot shows Imes differmg in both 
slope and intercept (Fig 2) 

Equation 2 describes such a system 

„ = K (Eq 2) 

1/ + + (/)/iC.] 

Here as in the preceding equation the slope of V is still mfluenced 
by the inhibitor function so that the slope of the mhibited system 
varies from the slope of the noninhibited system by [I + {/) / 
differs however by not having the mhibitor function modified by sub 



Fig 2 Lmeweaver Burk plot for noncompetitive inhibition 

strate concentration Hence at the intercept the lines are separated by 
[I -f (I)/K ] In other words tlie reaction rate of a system noncompe 
titively inhibited can never attam the rate of the noninhibited system re 
gardless of the amount of substrate added 

Uncompetitive inhibition requu-es that the inhibitor combine only 
with the enzyme substrate complex In these circumstances the Line 
weaver Burk plot shows parallel slopes for the two systems and of neces 
sity different mtercepts Equation 3 describes uncompetitive inhibition 


.. , V/[l + (/)//Cd 
I + K,[i -I- {lyiuys 


(Eq 3) 


Other special cases mclude inhibition by a partial mhibitor and 
products of the normal substrate with enzyme 
What does all this mean m leans of m vivo toxic effects? The great 
interest m competitive inhibitors as a toxic mechanism stems from the 
classic research of Woods (1940) who demonstrated that sulfanilamide 
is a competitive inhibitor of p ammobenzoic acid Not until after Woods 
report was p ammobenzoic acid found to be an essential metabolite 
Smce that lime whenever a toxicant is found winch bears a structural 
resemblance to a vital substrate competitive inhibition is invoked 
Actually proven cases of competitive mhibition as a fungitoxic 
meclianism are not too common West and Wolf (1955) present strong 
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evidence that 2 heptadecyI-2-iinidazoline is a competitive antagonist 
for guanme and xanthine in Sclerotmta fructtcola 

Because a compound may act as a competitive mhibitor on one or- 
ganism IS no reason to believe that it acts as such m another Usually, 
competitive inhibition is most striling m those cases where the or- 
ganism IS heterotrophic for the particular metabolite bemg antagonized 
A very striking e\ample of the complexity of enzyme inhibition as a 
toxic mechanism is described by Woolley and Shaw (1951) They 
found that 2 azaadenine is particularly lethal to Lactobacillus species 
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Fig 3 Hypoxauthine (right) and its antuaetabohle S-Azaadeame (left) 

They tested the purmes, hypoxanthme, adenine, and xanthine as pos 
sible metabolites being antagonized, with the followmg results 2 Aza 
adeame competitively inhibits hypoxanthme (Fig 3) Its toxicity is 
largely overcome by trace amounts of adenme, but is not appreciably 
alleviated by large amounts of xanthme Witliout the inhibitors, xanthine 
IS as effective as hypoxanthme m the purme nutrition of these bacteria 
From their results, it becomes obvious that 2 azaadenme is highly 
specific m Its effects on Lactobacilli It is not simply a competitive in 
hibitor of purines as a class, but of one purme m particular hypox 
antliine 

Their experiment again serves to illustrate the pliysiological implica 
tions that ma^v result from toxicological studies Their results indicate 
that the chain of nucleoside synthesis m Lactobacillus goes from xanthine 
hypovantliine adenine If 2 azaadenme breaks the chain at hvpo 
xantliine, the addition of more xanthme could have little effect Tlie 
addition of adenine, Iioivever, would be beyond the block and nucleic 
acid synthesis could continue 

Noncompetitive inhibition as a toxic mechanism may be postulated 
for almost any toxicant which can denature proteins For example 
picric acid, a protein precipitant, is quite fungitoxic and may act b> 
denaturing proteins Tlie same may be said for formaldehjde Anv of 
tlie ammo acid reagents shonn to be fungitoxic by Horsfill and Zcnl 
m>cr (1944) may be actmg .as noncompetitive inhibitors 

Uncompetitive inhibition lias not been postulated as a toxic mecha 
nism for any one particular Joiovvn toxicant This type of inhibition must 
surd) contribute to the toxicil) of some poisons 
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Many known fungitoxicants probably act as nonspecific enzyme m 
hibitors The enzyme protems may lose their activity if the attacking 
toxic molecule has a particular avidity for, or ability to react with any 
of the reactive groups on the protem 

The susceptibility of enzymes may be realized when we consider 
the number of reactive sites possessed by ammo acids which make up 
the proteins Some of these reactive sites are primary ammo groups 
( — NH 2 ), alcohol groups intermediate between aliphatic and aromatic 
(the —OH of hydroxyproline), the imino group ( = NH), the acid 
amide group ( — CONHj), the sulfhydryl group ( — SH), the a-hydrogen 
of tryptophan, and the guanidme nucleus The —OH groups of hydroxy 
ammo acids may be of particular importance as susceptible sites because 
they combme with phosphoric acid to bridge polypeptide chains 
There are other toxic mechanisms closely related to enzyme mhibition 
which may well be discussed here One of these, a variation on the 
theme of competitive mhibibon, is a phenomenon classified by Markham 
(1958) as a type of ‘lethal synthesis” In this particular mechanism, the 
imposter molecules are so like the normal substrate molecules that the 
toxicants move along the chain of synthesis and are actually incorporated 
mto the final buildmg blocks of livmg substance The building blocks 
containing these imposter molecules are defective and cannot be uti 
lized m a normal fashion by die organism The organism shows toxic 
effects as a consequence 

Heinrich et al (1952) found that the protozoan Tetrahymena gelen, 
which is readily poisoned by 8 azaguamne, incorporates this ammo 
purme mto its ribonucleic acid when gro%vn on sublethal doses of the 
toxicant The toxic efiect of 8 azaguamne is readily overcome by the 
simultaneous addition of the nucleoside, guanosme 

Another example of this type is reported by Dunn and Smith (1957) 
ley ound that Eschenchia colt made sensitive to poisoning by 5 
bromouracl incorporates this halogenated pyrimidine mto its deoxy 
ri onuc eic acid The toxic effect of this compound cannot be overcome 
by the addiUon of thymine for which it is known to be an antimeta 
0 Ue CO i IS not inhibited by 5-bromouracil nor does it mcorporate 
i un ess le acteria are made to require thymme by treatment with 
sultanilamide 

of toxicity a form of competitive inhibition may 
not be strictly proper, as it may or may not be reversible It is quite 
apparent, lowever, that in these cases there must be competition be 
tween normal substrate and imposter Once the imposter molecules 
become incorporated into the nucleic acids the toxic molecules may or 
ma> not be replaceable 
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2. Enzyme Stimulation 

Not only may toxicants act by inhibiting enzymes, but they may also 
act by overstimulating enzymes. Such overstimulation may throw the 
normal cellular physiology completely out of balance. This abnormal 
imbalance may be analogous to an overdose of insulin in humans. Byrde 
et a[. (1956), with in vitro studies of enzymes from Momlinia laxa, 
showed that copper greatly stimulates the activity of DPN oxidase, 
while o-phenylphenol greatly stimulates cytochrome c oxidase. Mahler 
et al. (1955) suggest a plan to explain the burst of molecular oxygen 
released from systems containing metalloflavoprotein enzymes (EF-Fe) 
ivhen they are acted upon by quinones. Normally the electron transfer 
goes DPNH EF-Fe Cytochrome c. With quinone in the system, the 
electrons may be diverted completely from EF-Fe to molecular oxy- 
gen rather than cytochrome c, thus uncoupling all subsequent phos- 
phorylations. 

C. Chelation 

Before presenting chelation as a toxic mechanism it would be well 
to know something about chelates. 

Chelates are cyclic structures formed by the union of metallic atoms 
with inorganic or organic molecules or ions. The term comes from 
chela, the Greek name for crab’s claw. One molecule of the nonmetallic 
portion of the complex is called a ligand. Compounds ivhich chelate 
must be able to combine at more than one point with metals. A simple 
2 point, or bidentate, ligand is pictured in Fig. 4. Each 8-qumolinol 
molecule is a ligand. 



Fig 4 8-QumoImoI combining with copper. An example of bidentate ligands. 

Note that the metal is combined widi each ligand by two bonds: 
(a) an ionic bond, and (b) a coordinate bond. In a coordinate bond, 
both of the electrons shared by the combining atoms come from only 
one of the atoms, nitrogen in ibis case. Other chelates are Jmown in 
which all the bonds between ligands and metal are coordinate, ivithout 
any ionic bonding. 
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It IS the multiple bonding feature of chelation which gives chelators 
their most interesting property This property is tlie formation of an 
extremely stable complex which can hold metals so tightly tliat they 
are released or exchanged only with great difficulty 

The formation of chelate compounds is usually accompanied by color 
formation ind the loss of polar properties by the ligand molecules As 
the atoms on the ligand which combme with metals are usually nitrogen 
oxygen, or sulfur, it is quite apparent why polar properties are lost 
Whether or not the complex remams water soluble depends on whether 
or not the ligand has polar groups not involved m chelation For ex 
ample copper 8 qumolmolalc is quite insoluble m water, while copper 
8 qumohnol 5 sulfonate is water soluble 

The smaller chelated cyclic structures are considered to be coplanar 
According to tlie Baeyer strain theory, these, like other organic cyclic 
compounds, would be most stable when there are 5 or & atoms m each 
rmg Chelate cycles with less than 4 atoms or more than 7 atoms are 
known but they are uncommon and usually unstable Because of certain 
peculiarities of chelate rings 4 membered structures are more common 
and more stable than 4 membered carbon rmgs The probability of a 
compound being a chelator is highest if it has 2 electron sharmg atoms 
separated by 2 or 3 other atoms 

In the union of ligand witli metal the ligand is considered to be the 
electron pair donor or base while the metal is tlie acceptor, or acid 
All other things being equal the greater tlie basic strength of the ligand 
the more stable the chelate complexes it can form 

What properties of the metal influence the stability of the complex? 
Irvmg and Williams (1953) present the following three features as 
being the most important metallic properties m chelation (a) valence 
(b) the ionic radius and (c) die degree of ionization 

The higher the cationic valence the more stable the complex For 
example Fe"^ complexes are much more stable than Fe"^ complexes 
The larger the ionic radius the less stable the complex Mn*^ has a 
much larger ionic radius than Cu** and usually forms less stable chelates 
Other things being equal chelate stability is directly correlated with 
the second ionization potentials of the metals 

Chelating compounds are both common and important in biology 
niong t em are organic acids ammo acids, en 2 :ymes, vitamins, hemo 
globin and chloropliyll 

Chelation as a toxic mechanism has been a subject of active research 
and debate since it was first proposed by Zentmyer for fungi (1943) 
and by Albert for bacteria (1944) 

Zentmyer (1944) showed that the toxicity of the powerful chelator 
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8 quinolinol (oxme) to the fungus can be overcome by the addition of 
excess zinc to the growth medium Furlliermore, reducmg the pH of the 
medium to an acidity at which oxme cannot chelate, also destroyed its 
fungitoxicity On this evidence, Zentmyer related the fungitoxicity of 
oxme to its ability to chelate, and proposed that oxme poisons by 
robbing the organism of required trace n^tals Albert and his group 
were also able to destroy tlie antibacterial action of oxme by the addition 
of excess metal, iron m this case In addition, they found that isomers 
or analogues of oxme able to chelate, were diso antibacterial Those 
related compounds unable to chelate, eg, 2 quinolmol, were not 
antibacterial 

Soon, however, the metal robbing theory was seriously questioned 
by Mason (1948) who shoived tJiat copper oxmate is more fungitoxic 
than the unchelated oxme This was particularly damaging to the theory 
of metal robbing Smce the, copper chelate is one of the most stable of 
oxmates, it would not be expected to chelate other trace metals Albert 
and his group found that oxme is not antibacterial unless iron is present 
m trace amounts It must be made clear here that chelation as a toxic 
mechanism was not questioned In doubt was only the theory that the 
toxicity of oxme derives from metal robbuig It is ironic that the metal 
robbing theory of toxicity should have been based on oxme which may 
or may not work m that way There is not much doubt that chelators » 
may exert their toxicity by metal robbing For example Rich and Hors 
fall (1948) have shown that dimethylglyoxime will produce trace metal 
deficiency symptoms m Aspergillus mger On dimethylglyoxime the 
fungus grows m curds, rather than in a normal mat, and sporulation is 
poor or absent 

In what other way may chelators or chelate compounds poison^ 
Albert and others have suggested that the poisonous form of oxme is 
the half chelate Gokspyr (1955) also proposes the half chelate as the 
toxic species of dithiocarbamates If this is so then the half chelates may 
be poisoning by blockmg functional groups For example, an ammo 
group and hydroxyl group properly spaced on the surface of an enzyme 
protem would form a mixed chelate with the half chelated toxicants 
This IS illustrated in Fig 5 

The same effect could be bad willi a sulfliydry] group in place of 
the amino or hydroxyl group 

Another type of functional group blocking would be the formation 
of mixed chelates with the phosphoric acid or nitrogen base portions of 
nucleotides This may be illustrated (Fig 6) with copper oxmate and 
adenosine*5' diphosphate (ADP) 

So much for chelators and their possible toxic mechanisms The 
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Fic 5 Half clielatc blocking functional groups 


CQ 



Fig 6 Half chelate blocking ADP 


fascinating stones of oxine and dithiocarbamates as toxicants will be 
described in detail in a later section 


D Selective Solubility 

Toxic compounds may act by selective solubility Ferguson (1939) 
has shown that the insecticidal value of many chemically ‘inert mate 
rials, such as saturated hydrocarbons, is correlated with tlieir relative 
solubility m the medium m which they are apphed He pointed out that 
the partition of these compounds between the ambient medium and the 
biophase will be proportional to the degree of saturation of the ambient 
medmm In other words, the less soluble the toxicant m tlie applying 
me lum t e greater the saturation of that medium and the greater the 
proportion entering the biophase The degree of toxicity of these struc 
turahy nonspeciBc compounds is directly proportional to then- saturation 
of the medium in which they are applied For example, nonspecific 
compounds X, Y, and Z may reqnure respectively 1000 p p m , 100 p p m . 
and 1 ppm to half saturate the medium m which they are applied 
whether it be water or air These dosages should approxmiate half the 
Y^^anT^^ oxicity possible for treating organisms with compounds X 


Ferguson was able to use this effect to explam another situation 
common m toxicity studies Very often m comparmg homologues of a 
toxic molecule, toxicity mcreases as the alkyl side chain lengthens This 
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continues until the addition of one more methyl group makes that 
homologue almost nontoxic Ferguson suggests tliat the final methyl 
group would make tlie compound so msoluble in the applymg fluid, that 
the amount required for complete saturation would partition less than 
a toxic dose mto the biophase This cut off pomt will vary witli com- 
pounds, applying medium, and tissue poisoned 

Ross and Ludwig (1937) have presented evidence tliat tlie fungi 
toxicity of the N-n-alkylethylenetluoureas follows the Ferguson effect 
All tlus IS interestmg and useful, but does not explain how supposedly 
‘mert, non-specific" compounds can poison There are at least two 
possibilities. 

Tlie first IS a solvent effect If the inert molecules partially replace 
and force apart the biophase molecules, metabolic reaction rates could 
be altered enormously Taking a test-tube example from organic cliem 
istry, the reaction of etliyl iodide witli triethylamme is only 1/1000 times 
as fast in hexane as it is m benzyl alcohol Tlie nonspecific toxicants 
could slow down vital reaction rates by reducing tlie frequency with 
which substrate molecules must collide with enzyme molecules essential 
for continumg normal processes 

The second way in which nonspecific toxicants may act is by altermg 
the colloidal structure of the semipermeable membranes of the cell 
Many of these toxicants have a particular avidity for the lipoproteins of 
the cellular membranes Tliey are also known to exert cellular narcosis 
allowmg cellular contents to leak from the cell Tlie most likely way 
that these compounds could do this is by affecting the structure of the 
hydrophilic colloids making up the semipermeable membranes 

E Dissolutwn 

Toxicants may act by dissolving cellular components necessary to the 
physical structure of the cell A good example is lysozyme, an antibiotic 
enzyme discovered by Flemmg ( 1922) m mucous secretions Lysozyme 
is a mucopolysaccharide depolymerase It is capable of completely dis 
solvmg the cell walls of bacteria Commercial lysozyme, prepared from 
egg whites, is assayed by its ability to dissolve suspensions of the bac- 
terium Micrococcus lysodeikticus The end product of lysozyme activity 
IS 'N acetylglucosamme There is no increase in reduemg groups Lyso 
zyme has been found in many bacteria including those susceptible to 
its activity It also occurs in Ficus latex and in commercial papain 

Rich (unpublished) has found that lysozyme, with no apparent effect 
on spore walls, will lyse the germ tubes of Stemphyhum sarctnaeforme, 
allowmg the cellular contents to escape Rich also found that sodium 
hypochlorite causes the separation of the cells of this multicelled spore 
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Carter and Lockwood (1957) described the lysis of the mycelium 
of Clomerella cingulata by a dilfusate from Slreplomyces sp. They also 
report the lysis of G. cingulata mycelium by antibiotics such as myco- 
statm and thiolutin, and by fungicides such as ferbam, thiram, and 
zineb. The latter effect they ascribe to a hastening of autolysis of the 
poisoned mycelium, ratlier tlian a direct dissolution of the mycelium 

by the fungicide. n u f 

A material may not cause a complete dissolution of cell wall, but 
may instead have a partial effect on its rigidity. Griseofulvin may act 
in this fashion. This antibiotic was found to be the “curling factor pro- 
duced by Peniciilium janezewskn (Brian et at, 1946). It causes a spira 
growth of tlie germ tubes of Botnjtis allii and otlier fungi. This abnor- 
mality of the germ tubes apparently prevents the organism from deve - 
oping mycelium. 

F. Vrccipitation 

Precipitation, the opposite of dissolution, may poison either by mak- 
ing metabolites unavailable or by destroying colloidal structure. 

Polysulfides, present in lime sulfur, may produce their poisonous 
effect by precipitatmg essential metals and so making them unavailable. 
Aspergillus niger, grown in the presence of potassium sulfide, will prO" 
duce yellow, rather than black, spores. This is a symptom of metal 
deficiency. Hydroxides or carbonates may also produce this effect. 

Precipitation or coagulation of hydrophobic colloids, such as proteins, 
would also have a profound effect on normal cellular processes. The 
ability of a compound to bring about coagulation will depend on two 
things First, the power to neutralize the charge on the dispersed phase, 
or the lowering of the zeta potential, and, second, the ability of the 
coagulant to take the stabihzmg hydration water from the dispersed 
particles 

The ability to neutralize charges will depend on the valency of the 
ion charge oppositely to that of the dispersed phase. For example, if a 
protein sol is at a pH on the alkaline side of its isoelectric point, the 
dispersed phase will he negatively charged. The ability of the coagulant 
to reduce the charge on the protein micelle will be directly related to 
the valency of the cation of the coagulant. Actually, very small amounts 
of oppositely charged ions may cause a large drop in the zeta potential 
The hydrophilic colloid may increase in viscosity as its charge is neutral- 
ized, but coagulation is prevented by the stabilizing effect of the hy- 
drated shells around each micelle. 

The final phase of coagulation depends on the ability of the toxicant 
to dehydrate This ability to take water from the particles usually follows 
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the lyotropic senes For the effect of anions to precipitate proteins this 
series is usually shown as follows citrate > tartrate > SO 4 > acetate > 
Cl > NO 3 > Br > I > CNS Citrate shows the greatest effect and thio 
cyanate the least This series for cations is, Th > A1 > H > Sr > 
Ca > K > Na > Li Ethanol and formaldehyde are two other toxicants 
which may act as protem coagulants 


G Hydrolysis 

Acids or bases may poison by hydrolysis Hydrolysis is the breaking 
of the reacting molecule and the combination of the pieces with 
and OH from water 

From the viewpoint of toxicity proteins are probably the most im 
portant biological compounds whicli may be hydrolyzed Hydrolysis 
would of course be a denaturing process particularly disruptive to 
enzymes \Vlien enzymes are hydrolyzed, the most profound effect is tlie 
breakmg of peptide linkages which jom ammo acids to make tlie peptide 
chams of which proteins are built (Equation 4) 


0 

HiV— R— <5— N- 

H 


0 

. 4 - 


0 0 

H,V— R— 4 OH + H V— R — <!— OH 
”” (Ed 4) 


Mandels (1953) used weak acid treatment to destroy the activity of 
enzymes presumably located at or near the surface of Myrothecium 
spores 

Blood (1937) suggested that the acid production by fermentmg 
tomato pulp IS responsible for the elimination of Corijnebacterium 
mtclitganense from tomato seed He showed that soaking rn/esfed seed 
m acetic or lactic acid does as well as the fermentation process 

Tyner (1951) made the surprising discovery that merely soaking 
barley seed xn ^vater for a period of tune can control loose smut An 
investigation of this phenomenon by Leben et al (1956) and Jacquet 
et al (1957) showed that the control is achieved by organic acids 
These organic acids acetic butyric and formic produced by bacteria 
operating during the water soaking are the actual toxicants 


H Oxidation Reduction 

Oxidation reduction changes m order to cause my real damage to 
cells must be drastic rather than mild Living cells usually have too 
large a capacity to equilibrate changes in ovidation reduction to expect 
my lasting toxicity from mild changes Calcium hypochlorite a strong 
oxidant is verv toxic \\niether or not it acts on a specific system is not 
important It is probably nonspecific by virtue of its capaaty to oxidize 
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strongly many \ital components within the cell Ozone, anotlicr strong 
oxidant, is toxic to many types of cells Its production by ultraviolet 
radiation may account in part for the deleterious cUccts of UV light 
Such systems as Cu** Cu’’ may be poisonous by virtue of their oxidant 
action For example, Albert (1952) reported tliat Cu’* reacts rapidly 
with cysteine to give cystine and cuprous cysteinate Other toxic oxidiz- 
ing agents arc SO-, H.O:, potassium permanganate, sodium perborate, 
and sodium dichromatc As will be discussed later, elemental sulfur may 
poison by acting as an oxidant. 

Horsfall (1945) suggested that the dmitroplienols arc toxic because 
they can oxidize and so split unsaturated fatty acids. Dmitroplienols arc 
very effective against powdery mildews Horsfall later (1956) proposed 
that these compounds kill conidia of powdery mildew by destroying the 
fatty envelope that retains die water these spores need to survive The 
spores then die by desiccation 

Hydrogen sulfide is a powerful reducing agent particularly toxic to 
cells It may act not only by precipitating metals, but also by holding 
them m a reduced state 

Oxidation reduction systems may show definite antibacterial action 
not shown by either component of die system Guest and Salle (1942) 
found diat a combination of Fc Cl- with either Fe Cb or Fe- ( 504)3 w 
much more antibacterial dian any of dicsc compounds used separately 
This was also true of Sn Cb with Sn Cb, Fe Cb with Sn Cb, Sn Cb 
with Fe Cb, Mn SO* with Sn Cb, and Mn SO. with Fe- ( 804)3 These 
heavy metal salts were most toxic when mixed in certain proportions 
The increase m toxicity required that the mixture had one metal at a 
higher oxidation state than the oUicr Only die salts of heavy metals 
gave this effect 


I Surface Activity 

Surface activity is a property of any substance whose presence m 
small amounts greatly alters the surface behavior of a given system 
Greatly alters’ is rather a loose term, as most solutes will alter the 
surface behavior of the solvent to some extent Although there are water- 
msoluble surfactants, we will be concerned with water soluble organic 
compounds that markedly lower the surface tension of the liquid system 
m which they are dissolved The most common of these surfactants is, 
o course, soap A burgeoning diemical industry has produced a great 
number of synthetic surfactants that have found uses in all phases of 
our daily life 

\\%at are the molecular properties that make a surfactant^ Basically, 
a surfactant molecule is a long molecule, one end polar and the other 
end nonpolar The polar end has an affimtv for oolar substances, such 
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as \\alcr, N\lulo llie nonpolar end has an aHimty for nonpolar subslancts, 
iuch as grc.ise, fats, and oils. When surfactant-containing water is ap- 
plied to grc.iso particles, the nonpoUr end of the surfactant molecules 
IS adsorbed by the grease. Since the iwlar end will not dissolve m the 
grc.ise, the surfactant molecules sta> at the surface. The surfacc-loc.iled 
polir ends h.uing an .iffinily for water give the grease particle a misci- 
bility with water. This allows the gre.isc pirlicles to become suspended 
in water, or timilsified, and so removed. 

Surfactants lower the surface tension of wa‘tr hcc.mse the noiipol.ir 
ends of the surfacl.int molecules .iro forced out of water, .ind .ire con- 
centr.iled and .irrangeil hne.irl) at ngJil angles to tJie surface of tlie 
liquid, the [lolar end toward the liqintl .mtl the nonpolar end forced 
away from the liquid Tlie suff.ice then Acquires prmnriiy the nonpolar 
properties of the surfactant ,\s the attriction between surfactant mole- 
cules is mucli less than tlie attr.iclion of one water molecule for another 
water molecule, tlie siirfico tension is towered The reason why only a 
small amount of surfactant is required is that it is forced to the liquid- 
air or hquid-sohd interface and all that is required for minimum effect 
IS a unimoleculir la) or of the surfactant molecules at the interface 
Tlicrc arc tlirco kinds of surfactants, anionic, cationic, and nonionic 
The ionic surfactants lomro or dissociate into two p.arts, a large fatty 
riidical and a small salt radical If the charge m die fatty radical is 
negative, the compound is anionic For example, a soap dissociates into 
Ci-lI,iCOO’ and Na% l)pieal of .an .amonic surfactant If the charge 
on the I.irgc radical is positive, the compound is classed as cationic 
Cclylp)ridinium chloride ionizes into 


O]* 


niul Cl“, 


making it a cationic surfactant Nonionic, or ampholytic surfactants 
form zvvittcrions in solution An CTampIc is cetylammoacetic .acid 
HaaC.cNII*— COO 

Soap IS a weak gemucidc Its primary value as .a sanitizer is to 
remove germs physically rather than to kill them The real mterest in 
the toxic and germicidal effects of surfactants dates from the work of 
Domagk (1935) who found that some cationic surfactants are powerful 
antibacterial compounds Since then a number of quaternary ammonium 
compounds have been developed both as bactericides and fungicides 
These have been principally alkylpyndmium halides and alkyl trimethyl- 
ammonium halides Tliese cationic compounds are effective against both 
gram positive and gram negative bacteria and against fungi Schwartz 
et al (1958) list 43 different types of cabonic surfactant germicides 
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Anionic surfactants are primarily active against gram positive bac- 
teria Examples of anionic surfactant toxicants are soaps and certain 
aliphatic carboxylic acids 

Nonionic surfactants usually have little or no germicidal action 
Schwartz et al (1958) list the salts of dioctylaminoethylglycine as exam 
pies of nomonic germicidal surfactants 

Surfactants appear to exert their toxic effects by breaking cross imks 
between polypeptide chains or by disrupting colloidal structures The 
effect on polypeptide structures is evident m the report of Srcenivasaya 
and Pirie (1938) who found that the protein of tobacco mosaic virus is 
disintegrated by surfactants Anson (1939) also found that surfactants 
could split proteins into much smaller molecular units 

The profound effect of surfactants on colloidal structure is noted m 
toxicity studies by a disruption of the scmipermeable membranes allow 
mg the leaking materials from the cell Horsfall (1956) discusses tlie 
importance of this as a toxic mechanism m both bacteria and fungi 
Salton et al (1951) have taken electron micrographs of bacteria treated 
with cetyltrimetliylammonium bromide and have observed morpholog 
ical changes correlated with cell death Bacteria treated with 45 mg of 
cetyltrimethylammonium bromide per 15 mg dry weight of bacteria 
for 5 minutes show a pulling away of the cytoplasmic membrane from 
the cell wall This dosage of cetyltrimethylammonium bromide just initi 
ates leaking The proportion of cells (30%) killed by this treatment is 
me same as the number of treated cells showing contracted cytoplasm 
reating the cells with 900 mg cetyltrimethylammonium bromide per 
1 5 mg of bacteria for 30 minutes strips off the cell walls 

J Osmotic Pressure Changes 

oldest means of killing microorganisms is the preserva 
on 0 oods with compounds that produce high osmotic pressures 
a mg an sugaring are ancient means of preventing the growth of 
mo s an acteria on foods Although the effective dosages of these 
ma s are very high salt and sugar were usually close at hand On a 
dosage basis this toxic mechanism is very inefficient and will probably 
° importance in the development of future fungicides 
1 » probably other toxic mechanisms of importance but those 

IS e ere undoubtedly include those of prmcipal mterest 

It IS entirely possible for a single toxicant to have more than one 
mode of action one of which will be effective on one organism and 
another mode on a second organism One can picture highly reactive 
mo ecu es sue as captan passing into the cell and reacting with meta 
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bolites en route. Toxicity or death of tlie cell results when any vital 
link is broken. 


III. Inorganic Fungitoxicants 
A. Metals 

The most widely used inorganic toxicants are metallic compounds. 
Of the metals used as fungitoxicants, copper, specifically Bordeaux mix- 
ture, has been used in the largest amounts. Actually, in terms of mini- 
mum toxic dosages, inorganic metallic compounds are not nearly so 
toxic as a multitude of organic, nonmetalHc toxicants. Even the organic 
metal complexes are more potent than the inorganic compounds con- 
taining the same metals. 

According to Horsfall (1956), the descending order of fungitoxicity 
for the metal cations is approximately Ag > Hg > Cu > Cd > Cr > 
Ni > Pb > Co > Zn > Fe > Ca. McCallan and Wilcoxon (1934) found 
also that osmium and ruthenium are quite fimgitoxic. Alummum and 
palladium are only slightly toxic, and rhodium and iridium are essentially 
nonfungitoxic. McCallan and Wilcoxon (1934) studied the fungitoxicity 
of the elements in relation to their position on the periodic table. They 
generalized that toxicity within a group usually increased ivith increasing 
atomic weight. The principal exceptions are silver, much more toxic than 
gold, and chromium, usually more toxic than molybdenum and tungsten 
A study of the periodic table shows tiiat most toxic metals fall m groups 
I. H, and VIII. 

Horsfall (1936) pointed out the good correlation between the toxicity 
of metals and their ability to form stable chelate compounds. His com- 
parison of chelate sfafaih'fy (Melior and Maiey, 1948) with the toxicity 
of tlie metals is given below. 

Toxicity Hg > Co > Cd > Nj > Pb > Co > Zn > Pc > Ca 
Chelate stability Hg > Co > Ni > Pb > Co = Zn > Cd > Fe > Mg 

Horsfall regards this as evidence that the primary toxic mechanisms 
of metals is their ability to combine with metabolites, enzymes, and 
proteins. Palladium and silver are two glaring exceptions to Horsfall’s 
generalization. Palladium, only weakly toxic, forms very stable chelates, 
while silver, highly toxic, forms only weak chelates. 

Shaw (1934) correlated toxicity with the insolubility of the metal 
sulfide His diagrams show excellent correlations between tlie negative 
logarithm of lethal dose and the solubility product constants of the 
various metallic sulfides. This correlation was fairly consistent for the 
poisoning of diastase, urease, the paramecium, a planarium (PoUjcclis 
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nigra), or a fish (the stickleback). Shaw believes this is the result of the 
“thermodynamic affinity of the inhibitor [metallic cations] for key 
functional group in the enzyme’s catalytically active site [sulfhydryl 
groups].” 

Shaw, of course, was preceded by Fildes (1940) who showed that 
mercury toxicity could be alleviated by sulfhydryl-containing com- 
pounds. Fildes suggested tliat mercury at low concentration acts by 
inactivating sulfhydryl groups witliout other permanent injury to the 
cell. British anti-Lewisite (2,4-dimercaptopropanol) was developed spe- 
cifically as an antidote for the arsenical war-gas Lewisite (Cl CH = 
CH.As CI 2 ). The development of BAL was based on the discovery that 
arsenic poisons by knocking out sulfhydryl groups. 

Sulfhydryl compounds will also reverse copper toxicity of peas 
(Foster, 1947) and of fungus spores (Yoder, 1951). Foster showed 
that three kinds of seeds susceptible to copper injury contain sulfhydryl 
groups detectable with nitroprusside. Four kinds of seeds tolerant to 
copper contain no detectable sulfhydryl groups. Copper seed-treatments 
eliminated the detectable sulfhydryl groups of the copper-sensitive 
seeds. Both Yoder and Foster concluded that the sulfhydryl groups 
poisoned were essential to the functioning of the respiratory enzymes. 

Metallic compounds are often used as astringents in medicine. As- 
tringency is the precipitation of proteins by high concentrations of 
metallic compounds. 

An obvious question is the relation of toxicity to the oxidation state 
of the metal. Apparently no generalization can be made concerning this 
point. Cupric ions are fungiloxic, but cuprous oxide is more toxic than 
cupric oxide (Horsfall et al, 1937). Mercuric ions are usually more 
toxic than mercurous ions. 

No discussion of the toxicity of cations would be complete without 
including something about sorption. Are cations adsorbed at the peri- 
phery of the cell or are they absorbed freely into the interior? Bodnar 
and Terenyi (1930) found that the uptake of copper by Tilletia tritid 
followed the Langmuir adsorption isotherm. Sussman and Lowry (1955) 
a.ve strong evidence that dormant ascospores of Neurospora also ad- 
sorb cations. McCallan (1948), working with copper sulfate on spores of 
Alternaria oleraceae and UonHinia fructicoJa, could not fit his data to 
Langmuir’s isotherm. Miller et al (1953b) do not believe that silver and 
cerium are merely adsorbed. As evidence, they cite the enormous quanti- 
ties of cations taken up by their fungus spores. The number of cationic 
molecules taken up, if merely adsorbed, would form layers several 
molecules thick on the spore surface. In addition, a pretreatment with 
silver does not interfere wiUi the uptake of cerium and vice versa. Inter- 
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fercnce would be c\pecled if uptake of tliese cations were strictly by 
adsorption Tho work of Owens and Miller (1957) also points to penetri* 
Uon of cations mto spores witli practically no concentration on the 
cell walls Rothslem and Ha>cs (1956), however, find that yeast cells 
bind botli univalent and bivalent cations at tlic cell periphery. The bind- 
ing IS rapid and reversible, with the bivalent ions being held more 
firmly llian tlic univalent ions They tentatively identify tlie bmding sites 
as phosphoryl and carboxyl groups These sites are apparently separated 
from tlie mtenor of tlie cell by a permeability barrier Rotlistem and 
Hayes suggest that certain cations will have special affinities for specific 
binding groups on the cell surface UO 2 ** for carboxyl groups, Hg** for 
sulfliydryl groups, and Tsi** for imidazole groups 

Tlie evidence, then, is contradictory, but can be resolved In or- 
ganisms where there is a permeability barrier, adsorption is readily 
demonstrated \Vliere no permeability barrier eusts or is destroyed by 
tlie toxicant, adsorption may phy a role but is obscured by the free 
passage of cations into and out of the cell 

Another factor which confounds tlic sorption picture is the effect of 
metabolites leaking from the cell (McCallan and Wilcoxon, 1936) Miller 
and McCallan (1957) have shown that treating spores of M fructicola 
with toxic doses of Ag* for as little as 1 2 minutes increases their outward 
loss of phosphorous compounds Tlie loss of phosphorous compounds 
from tiieso silver treated cells is 20 times that of (he untreated spores 
This mass of organic material capable of complexing will undoubtedly 
have a profound mfluence on tlie final location of cations on or in the 
spore 


B Nonmetals 


1 Sulfur 

Of the nonmetals, elemental sulfur is the most important fungi 
toxicant In spite of its use as a pesticide for centuries, its method of 
toxic action is still a question for debate Pollacci (1875) suggested tliat 
H 2 S produced from sulfur is actually responsible for the fungitoxic ac 
tion of sulfur Young (1922) proposed pentathionic acid as the toxic 
product from sulfur Pentathionic acid results from the interaction of 
H 2 S and SO 2 The importance of pentathionic acid, SO , and SO 3 was 
largely discounted by Roach and Glynne (1928) and Wilcoxon and Ale 
Callan (1930) These workers found that the toxicity of these compounds 
IS no more Aan could be accounted for by their hydrogen ion con 
centrations 

McCallan and Wilcoxon (1931) found that sulfur sensitive spores 
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nigra), or a fish (the stickleback) Shaw believes this is tlie result of the 
“tliermodynamic affinity of tlie inhibitor [metallic cations] for key 
functional group in the enzyme's catalytically active site [sulfliydryl 
groups].” 

Shaw, of course, was preceded by Fildes (1940) who showed that 
mercury toxicity could be alleviated by sulfiiydryl-containing com 
pounds Fildes suggested that mercury at low concentration acts by 
mactivatmg sulfhydryl groups without otlier permanent mjury to the 
cell British anti Lewisite (2,4 dimercaptopropanol) was developed spe- 
cifically as an antidote for the arsenical war-gas Lewisite (Cl CH = 
CHAs Ch). The development of BAL was based on the discovery that 
arsenic poisons by knockmg out sulfliydryl groups 

Sulfhydryl compounds will also reverse copper toxicity of peas 
(Foster, 1947) and of fungus spores (Yoder, 1951) Foster showed 
that three lands of seeds susceptible to copper injury contain sulfhydryl 
groups detectable witli mtroprusside Four kmds of seeds tolerant to 
copper contain no detectable sulfhydryl groups Copper seed-treatments 
eliminated the detectable sulfhydryl groups of the copper sensitive 
seeds Both Yoder and Foster concluded that the sulfhydryl groups 
poisoned were essential to the functioning of the respiratory enzymes 
Metallic compounds are often used as astrmgents m medicine As 
tringency is the precipitation of proteins by high concentrations of 
metallic compounds 

An obvious question is the relation of toxicity to the oxidation state 
of the metal Apparently no generalization can be made concerning tins 
point Cupric ions are fungitoxic, but cuprous oxide is more toxic than 
cupric oxide (Horsfall et ol, 1937) Mercuric ions are usually more 
toxic than mercurous ions 

No discussion of the toxicity of cations would be complete without 
mcludmg somethmg about sorption Are cations adsorbed at the pen 
phery of the cell or are they absorbed freely into the interior? Bodnar 
and Terenyi (1930) found that the uptake of copper by Tilletia trittci 
followed the Langmuir adsorption isotherm Sussman and Lowry (1955) 
s.ve strong evidence that dormant ascospores of Neurospora also ad 
sorb cations McCallan (1948), working with copper sulfate on spores of 
Alternaria oleraceae and Momltnia fructicola, could not fit his data to 
Langmuir’s isotherm Miller et al (1953b) do not believe that silver and 
cerium are merely adsorbed As evidence, they cite the enormous quanti 
ties of cations taken up by their fungus spores The number of cationic 
molecu es taken up, if merely adsorbed, would form layers several 
molecules thick on the spore surface In addition, a pretreatment with 
silver does not interfere with the uptake of cerium and vice versa Inter 
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compounds is directly correlated to the oxidizing power of their solu- 
tions. For example, Hideal and Evans (1921) showed that alkalinity 
which reduces tlie germicidal effect of hypochlorites also reduces their 
oxidizing power. The strength of the hypochlorites is expressed as 
“available chlorine,” a measure of oxidizing power. 

CaOCl reacts with water and CO 2 from the air as in Equation 5. 

CaOCl -i- HCOi- -» Ca HCO* + CIO" 

CIO- t (Eq.6) 

Chlorine evolved from acidification of CaOCl, will also oxidize as in 
Equation 6. 

Cl, -f H»0 — HCI -f- HOCI 

HOCl -♦ HCI + O r (Eq. 6 ) 

This is the method by which chlorine gas purifies water. Halogens may 
also act by halogenating metabolites, thus producing antimetabohtes 
Jn situ. 

3. Formaldehyde 

Formaldehyde (HCHO) is widely used as a soil fumigant. Its action 
is primarily as a protein denaturant. The combination of formaldehyde 
>vith amino acids, as in the classic Sorenson formol titration (Equation 
7), is representative of the way formaldehyde may combine with and 
denature proteins. 

^NH.CH (R) COO' + HCHO - CHtO NH, CH (R) COO" + (Eq 7 ) 
(Zwittenon) 

4. Ammonia gas 

Ammonia fumigation has recently been used successfully m citrus 
storages for reducing fruit rots (Roistacher et al, 1957). Ammonia, 
highly soluble in water with which it forms NH 4 OH, probably poisons 
fungi by drastic changes in their internal pH. 

IV. Organic Funcitoxicants 

A. Dithiocarbamates 

The greatest number of useful organic fungitoxicants has come from 
the dithiocarbamates These compounds all have in common the group- 
ing 

f— t-s— ) 

One series, based on the patent issued to Tisdale and WiUiams (1934), 
is made from the alkaline interaction of CSz and simple amines. These 
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produced large amounts of H 2 S from sulfur They reverted to Pollaccis 
idea that H 2 S, which they found to be enzymatically produced, was the 
cause of sulfur toxicity When they again tested the H S tlicory, Miller 
et al (1953a) found that colloidal sulfur is as much as 50 times as 
toxic as H 2 S to sulfur sensitive fungi H 2 S, they now believe, cannot be 
the toxic agent responsible for tlie toxicity of sulfur They concluded 
that sulfur poisons because it is an active hydrogen acceptor and so 
mterferes m normal hydrogenation reactions of tlie cell The intensity 
of H 2 S production is a measure of the intensity of the hydrogenation 
process within the cell 

The theory of sulfur poisoning by competmg for hydrogen seems 
plausible, but is still open to question For example, methylene blue and 
ascorbic acid, both excellent hydrogen acceptors, are only weakly fungi 
toxic Miller et al (1953a) use as supporting evidence the work of 
Sciarini and Nord (1943) who concluded that, m Fusaria, elemental 
sulfur competes for hydrogen freed by dehydrogenases Although 
Scianni and Nord present such a conclusion, it is not supported by 
their data 

All of these ideas are possible What Miller et al (1953a) have 
actually shown is that H 2 S produced within the spore is more toxic 
than H 2 S in the ambient fluid This is not sufficient evidence to 
discard H 2 S as the source of sulfur toxicity H 2 S which ionizes primarily 
as HS may well poison metal activated compounds just as metals poison 
sulfhydryl activated compounds 

Miller et al (1953a) also discount HjS as a factor because they find 
the H S given ofi pretty well accounts for all the sulfur added to the sys 
tem However the amount of H 2 S bound in situ by the micro quantities 
ot metals in the spore would be so small that it would be practically 
undetectable 

McCallan and Miller (1956) made the significant discovery tliat 
f It c" j sulfur release one mole of extra CO2 for each mole 
ot Hsb produced This contradicts Horsfalls (1956) suggestion that 
su ur rep aces oxygen in Krebs cycle intermediates If this were so tlien 
there should be less CO 2 than normal rather than more The production 
ot CO 2 also mdicates that elemental sulfur is not just competing for 
y ogen ut appears to be actmg as a strong oxidizing agent m the 
process of bemg reduced 

2 Halogens 

Halogeiwted morgamc compounds are another group of useful 
toxicants Tlie commonest morgamc halogen compounds used as 
germicides are calcium or sodium hypochlorite The toxicity of these 
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Inversion of toxicity is pictured m Fig 8 

The zone of inversion, where increasing dosage actually depresses 
toxicity, has been particularly hard to explain Gokspyr’s explanation is 
as follows The dimethylditliiocarbamate ion. 


S' 

(ClI,) 

\ 

L sJ 

combines with minute traces of copper m tlie media to give the highly 
toxic 1.1, or half chelate. 


(CII,) 


This IS the toxic species As die amount of copper m the media is con 
stant, tile addition of more dithiocarbamate forms the less toxic 1 2, or 
full chelate. 


Toxicity falls As more dithiocarbamate is added, the mtrmsic toxicity 
of the dimethyldithiocarbamyl ion exerts itself, actmg perhaps by 
bmdmg essential metallic micronutrienls Thus toxicity mcreases agam 
Goks0yT demonstrated that yeast cells reduce thiram to dimethyl 
dithiocarbamyl ions Hence, thiram activity and its polymodal dosage 
response curve is identical to those of the dialkyldithiocarbamates 
As will be seen later, ZV methylditluocarbamate has an action more 
like the ethylenebisdithiocarbamates than like the dialkyldithiocarba 
mates 


2 Bisdithiocarbamates 

This group of compounds arose around disodium ethylenebis (dithio 
carbamate), now called nabam (Fig 9) 

S 

H fl 

H,C— N— O-S— Na 

Hji— N— C— S— Na 
H II 
S 


Fic 9 Nabam 
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compounds are tlie dialkylditliiocarbamatcs and thiuram sulfides The 
second senes, based on Hester’s patent (1943), is made from the 
alkalme mteraction of CS 2 and cthylcnediammc These are the etliylene 
bisdithiocarbamates 


1 Dialkyldithiocarhamates and Thturam Sulfides 

The most widely used of lliese materials are zmc dimethyldithio 
carbamate (ziram), ferric dimethyldithiocarbamate (fcrbam), and tctra 
metliylthiuram disulfide (thiram) Recently, anotlier member of the 
family, sodium N methylditliiocarbamate, has been finding use as a soil 
fungicide The structures of these compounds are given in Fig 7 
S 

I(CHj)jN — G — SI j Zn 

Ziram 


(CIh),~K— C-S— S— C— N (CII,)j 

I I 


s 

(CH,)N— A— S— Na 
H 

Sodium N inethyldithiocarbainate 
Fio 7 Structures of ziram thiram, fcrbam and sodiuJn*N methyldithiocarbamate 

The history of the development of these compounds and tlieir per 
romance m the laboratory has been reviewed thoroughly by Kloppmg 
(1951), Horsfall (1956), and McCaUan (1957) 

The most unportant clues to the toxic action of the dialk 7 l 
dithiocarbamates and the thiuram disulfides are (a) their formation 
ot metal chelates and (b) their polymodal dosage response The first 


S 

[(CH,),N-(Ls1, To 
Fubam 



property is a well known > 


Tru" ' j ~ commonly used m analytical chemistry 

m second was first reported by Dunond et al (1941), for thiram 
j latter effect, also called ‘inversion” and ‘quenchmg,” is described 
in detail and logically explamed by Gokspyr (1955) 
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lyze the formation of isotliiocyanales from ethylenethiuram monosulfide. 
They could demonstrate tliis only in a nonaqucous medium (chloroform). 



Fic. 10. Ethylenethiuram monosulfide. 

In return, Sijpesteiin and van der Kerk (1954) confirmed the production 
of ethylenethiuram monosulfide from nabam. 

The present theory of nabam action may be summarized from the 
literature. Freshly prepared, unoxidized nabam is presumed to be 
essentially nontoxic. 

The acidic breakdo^vn of nabam (Lopatecki and Newton, 1952) 
proceeds as in Equation 8. 

H f H 

HjC— N— C— S Na HjC— N 

I _!!!_ I \o=S + CS, + HsS + 2Na+ (Eq 8 ) 

H,C— N— C— S Na HfC— N 

H I H H 

Nabam Etbytcnethiourca 

(nontoxic) 

Basic hydrolysis and oxidation of nabam proceeds in another fashion 
(Equation 9). 

S S 

H II H [1 

HiC—N— C— SNa „ HtO-N—C 

* I Base I N 

» I ^ + S + SNa* (Eq 9 ) 

SNa H,0-N— C 

H 11 HU 

s s 

Nabam Ethylenethiuram 

monosulgde 
tmonomcr or 
polymer) 

Ethylenethiuram monosulfide in turn breaks down to release ethylene- 
diisothiocyanate (Equation 10). 

The iisotliiocyanates, highly reachve and unstable, apparently 
combine with sulfhydryl groups to act as nonspecific poisons. 

One of the unresolved problems of nabam toxicity is the nature of 
the gaseous toxicant which it evolves. This unidentified gas was first 
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The lustory of tlieir development and the laboratory results of 
structure-activity studies are given m Barratt and Horsfall (1947), and 
Kloppmg (1951) 

What IS the basis for their activity? Barratt and Horsfall (1947) 
proposed that since these compounds readily release H^S, they poison 
by means of the HjS evolved Rich and Horsfall (1950) demonstrated 
that H 2 S could not account for the toxicity of nabam. The clue to the 
currently accepted mechanism was noted in tlie title of the paper by 
Dimond et al (1943), in the first report on nabam They called it a 
“water-soluble fungicide with tenacity” This anomaly puzzled them 
In the data of Barratt and Horsfall appeared another clue Zmeb, the 
zmc salt of nabam, becomes more toxic upon aging Kloppmg (1951) 
blazed the trail which led to the present theory Realizing that di 
isothiocyanates could form from bisditlnocarbamates, he tested the 
fungitoxicity of the diisothiocyanates Klopping’s biological tests showed 
that the diisothiocyanates have the same biological spectrum as the 
bisdithiocarbaraates By ‘ biological spectrum” he meant that different 
fungi have the same relative susceptibility to both types of compounds 
In addition, the diisothiocyanates are much more toxic than the cor- 
responding bisdithiocarbamates Data from Kloppmg (Table I) are 
illustrative 


TABLE I 

UNoiToxiciTY Data from Klopmno Illustrativo Similarity between the 

— lOLOOICAL SrECTRA* OF NaBAM AND EtUYLENE DiISOTIIIOCYANATE 


Compound 


Nabam 

Etbylenedusothiocyanate 


Minimum ppm completely inhibiting growth 
B cinerea P italicum A mger R mgrtcans 


0 1 
0 05 


0 1 
0 02 


0 5 
0 05 


20 0 
10 0 


Kloppmg concluded that the ethylenebisdithiocarbamates act by re 
leasmg diisothiocyanates, which do the poisoning The diisothiocyanates 
being extremely reactive and unstable, are hard to detect as breakdown 
products 

Shortly after. Ludwig and Thom (1953) looking for insoluble 
(tenacious) compounds from the oxidation of nabam, found that 
^hylenethnuain monosulfide is a major product of nabam oxidation 
iungdOH™'^ ethylenethiuram monosulfide (Fig 10) is highly 

Ethylenethiuram monosulfide they concluded to be the toxic break- 
own pro uct accounting for both the tenacity and toxicity of nabam 
n a a er paper, Ludwig et aZ (1955) reported that metaihe ions cata- 
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rhodamnes was also reported in 1953 by Brown and her co workers 
(1953a, b) Van der Kerk reports (1956) that the rhodanines also are 
isothiocyanate fungicides and act according to Equation 13 


R — N C = 0 

1 ! oir 

C CHj — N — C — S — COO-^ 

/V « I 

R — N - C - S + HS — CHsCOO (Eq 13 ) 
B Other Organic Sulfur Compounds 

Although the dithiocarbamates have been the most useful and 
mterestmg of the organic sulfur fungicides, others also have been found 
to be fungitoxic 

Some of these are the ethylenetlnoureas the xanthates 2 mercapto 
benzothiazole, the thiobisphenols and those toxicants having a tri 
chloromethylthio group 

Rich and Horsfall (1954b) noted that the N alkylethylenethioureas 
increased m fungitoxicity with increasing length of alkyl cham Fungi 
toxicity IS maximal at the 8 carbon homologue and decreased as the 
chain lengthens beyond 8 carbons Ross and Ludwig (1957) demon 
strated that this senes probably acts as physical toxicants exhibiting the 
Ferguson effect 

The xanthates long used as disinfectants were tlioroughly investi 
gated by Davies and Sexton (1946) They concluded that sulfur atoms 
on the C = S groups were not essential to the toxicity of xanthates This 
conclusion was based on the essentially equal fungitoxicity of the 
following three compounds 


S O SO 

(C,H»0— C)sS (CjHiO— C)^ and CsHvO— G— S— C— OC— Hs 

2 Mercaptobenzothiazole although it is somewhat fungicidal (Marsh 
1938), has found its principal use as a synergist with dialkyldithio 
carbamates in proprietary mixtures sold as Vancides 

The thiobisphenols will be discussed under phenolic fungicides 
The tnchloromethyltbio compounds will be discussed under lietero 
cyclic nitrogen compounds because of the mterest m captan the tetra 
hydrophthahmide derivative 


C Heterocyclic Nitrogen Compounds 
Horsfall and Rich (1951) reported on the structure activity rela 
tionships m a large group of heterocychc nitrogen compounds Many 
of these compounds are extremely fungitoxic Their toxic mechanisms, 
however, differ widely Certain of them, such as the ethylenetlnoureas 
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s vuL luai 


S 

H !> 
HsC— N— C 

1 > 


H 2 G— C 

H II 


S 


(metal) 


Etlij Itnctluuram inouuaiiintit. 


HjC— \ » c = b 

- I +s 

II,C— \ - 0=8 
Ltli\luicdiisothioc> iiutt 


(Dq 10) 


detected by Rich and Horsfall (1950), who demonstrated tliat the gas 
could not be HjS or SO They did not consider CSj as a possibility 
because it is a relatively weak toxicant In 1951, Cox ct al showed that 
CS 2 and ethylenediamme evolve from nabam hydrolysis They proposed 
that these two gases are the toxic vapors, rccombmmg witlim tlie spore 
to give nabam Lopatecki and Newton (1952) argued tliat the toxic 
vapors are simply CS 2 evolved from nabam Later work on the problem 
by Weed et al (1953) practically ruled out CSj or ethylenediamme as 
factors These workers also doubted the possibility of tlie toxic gases 
being a dusothiocyanate Weed ct al (1953) conclude that an un 
identified volatile constituent is mvolved’ m the toxicity of nabam 
There the problem stands 

Two other types of compounds must be included here although they 
are not ethylenebisdithiocarbamates These are sodium N metliyldithio 
carbamates and the rhodanines 

Sodium N methyldithiocarbamate in spite of structural similarity to 
the dialkyldithiocarbamates is also a source of methylisothiocyanate 
(Klopping 1951) as in Equation 11 Sodium iV methyldithiocarbamate 


H c— N— 0 -& 


-* HS ) + CH,N - G - S 


(Eq 11) 


S 

A Rletlivldithiocarbamate 

ion 


Methylisothiocyanate 


is used as a soil fungicide under the trade names of ‘Vapam” or “VPAf 
3 5Draiethyltetrahydrol3 52Hthiadiazme2thione the active m 
gredient of the soil fumigant Mylone also breaks down to give methyl 
isothiocyanate as in Equation 12 (Torgeson et al 1957) 


HjC 


N N— CH, + 2HjO 

H 

2 H CO + CH,N - C= S + HS + CHjNHs 
AIelh\h«>othifx:van'itc 


(Eq 12) 


AnoUier group of related fungitoxicants the rhodanmes was de 
scribed by van der Kerk et ci (1953) The structure activity of the 
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Oxine" + (Oxine) Metal+ 

Half chelate 
(Toxic ttithm cell) 


(Oxme) Mctal+ + Oxine^ (Oxine), Metal 
Full chelate 

(Needed for permeation) 

ccess will also cause reversal of oxme. 7l1)551 

letals (Zentmyer and Rich. 1956. Si,peste.)n et ul, 1957) Block (1955) 
emonstrated that in addition to the ability to chelate, analogues of 
xine must also be hpoid-soluble to be fungitoxic 
There are at least two discrepancies in tlie theory that should b 
lOted The first is that unchelated oxme enters cells quite readily 
Greathouse et al, 1954) In fact, the theory for the reversal of toxicity 
,y excess oxme depends on its entry mto the cell The ^^“nd to^P^cy 
s that washmg with water will revive spores poisoned with “J 
Ltal-drficient medium, but will not revive copper oxmate-trea ed 

mort (Block 1956) Washmg with 0 1 N HCl is needed to revive the 

latter These anomalies imply that unchelated ome 

acts in an area of the cell which does not require 

to be entered This action of oxme may well be J 

chelated oxme acts at a site which requnres “ThfacMn 

deener site may well be withm a microsome or the nucleus The act on 

of Te hi c"lte may be the blockmg of functional sites as suggested 

°"o*er workers have different views about 
sexton (1953) insiders it hk^y *at o^e isj 

£ttl^urortIie“ of Wcml m disrupted staphylococcal 
cells They consider that the 




portion of oxme structuraUy '■“^““^“^“”6^^1^0000108100 

ponents of *-^70) iLTylSlS 6 ammo 4-hydroxy 
on two observations (a) tneir .t evstem 

derivatives of benzimidazole or ^et^ 

IS not inhibited by the chelator e y ‘ discussed is captan 

The next heterocyclic “'"S'- 7,, celre^^ on tlie im- 

(Fig 11) The d-“-™;'g;j;“i„rded here. then, will be some 

do have the — SC(C1)3 group 
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just discussed, the nitrosopyrazoles (Rich and Horsfall, 1952), and the 
tetrahydropynmidines (Rader et al, 1952), probably act as physical 
toxicants Others, such as the 2 imidazolines have been reported to be 
competitive mhibitors of enzymes (West and Wolf, 1955) The action 
of acridme was discussed in an earlier section Two other mechanisms 
may also be important to the fungitoxicity of heterocyclic nitrogen 
compounds These latter two mechanisms may best be presented by 
discussing two compounds for which these mechanisms have been 
proposed The compounds are Squinolinol (oxme), and N (tnchloro 
methylthio) 4 cyclohexene 1 2 dicarboximide (captan) Oxme has been 
mtroduced m die previous section on chelation, and will be discussed 
first 

Oxme IS the cornerstone for the theories of toxic mechamsms m 
volvmg chelation As mentioned earlier, the idea that oxme takes needed 
metals from organisms was called into doubt by evidence that the metal 
oxmates particularly cupric oxinate is more toxic than oxme itself 
(Mason 1948) This evidence was further supported by Anderson and 
Swaby (1951), who found that oxme is a copper deficient medium is 
only I 48 as toxic as it is m a copper sufficient medium Copper must be 
present therefore, for maximum fungitoxicity of oxme Not only must 
there be copper present but the oxme must be able to form a chelate 
with It For example at a pH below which oxme chelates, it is no longer 
toxic, regardless of the presence of copper The formation of a copper 
oxmate then appears to be essential to the fungitoxicity of oxme 
Complications arose Block (1957) showed that the fungitoxicity 
of copper oxmate can be reversed not only with excess copper but also 
with excess oxme Albert et al (1953) had reported earlier that tlie 
antibacternl action of oxme can be quenched by an excess of oxme 
the polymodal dosage response again They proposed that excess oxme 
uihibited the formation within Uie cell of the 1 1 , or half chelate whicli 
t ley suggested as tlie toxic form of oxme Reversal by excess metal 
they argued, was caused by mhibitmg the 1 2 or full clielate m the 
ambient fluid They pictured the process as follows Oxme, because of 
water solubihty, penetrates into cells best as the fully chelated metal 
complex which is less polar Once mside tlie cell, tlie half chelated 
Mmplex IS requued for toxicity This half chelate may arise from the 
full chelate eitlier by dissociation or by the action of a hypothetical 
cnz^rac Their tlicory is illustrated by Equation 14 Excess metal in tlie 
ambient fluid would drive the last equation to the left, reducing the 
amount of fully chelated oxme needed for penetration Excess otio*^ 
Witlim the cell would drive the last equation to the nght, reducing die 
concentration of Uic toxic species, the half clielate Other cliclalors m 
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Another theory o£ captan action was presented by Lukens and Sisler 
L958) They found that captan interacts with sulfhydryl compounds, 
ich as cysteme, to give thiophosgene 
S 

[Cl— C— Cl| 


in Equation 15 



due to this breakdown is m the odor of formulated captan which is 
‘*The amphositre formed may react with water (Equabon 16) 


(Eq 16) 


Cl- 4— Cl + 2H,0 - + CO + 2HC1 

Thiophosgene 

Thiophosgene also polymenaes to give dithiophosgene which m turn 
lay react with water (Equation 17) 


+ COs + 4IIC1 


(Eq 17) 


Cl-C-S-C(Cl), + 2H,0 - 
Dithiophosgene 

Lukens and Sisler proposed that the “^Xeakdo™ ol 

y the highly reactive thiophosgene resulting m 
Iptan b/suVydryl groups They were f f t" 

ireakdown by reactmg captan with yeast ceUs ^ ^ j j . 

essentially all of the toxicity of captan to yc^t cm J 

he — S-C(cn. group Thiophosgene produced m siiu would osten 
ably poison by ccmbiLg with free sulfhydryl. -n^h^oxyl. and 
perLps carbo:^! groups In addiUon. thiophosgene could form 

s 

bridges between properly spaced “of unportance to 

The production of ^anply as a Uuophosgene 
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s vui. nicii 


H, O 

Cr N— SC{C1), 

hT \ 

Fig 11 Captan 

The fimgitoxicity of captan was first reported by Kittleson (1952) 
He considered the fungitoxic group to be 

^N-S-(C(C1),) 

Horsfall and Rich (1953) presented evidence that — CO — NR — CO— 
could be the toxic grouping of captan They based tlieir conclusion on 
the similarity of the dosage response slopes of captan and the highly 
fungitoxic antibiotic cycloheximide Cycloheximide has the — CO— NH 
— CO — group but not — SC(C 1)3 Horsfall and Rich assigned to the 
trichlororome^ylthio group ihe function of getting the tetrahydro 
phdiahmide portion of captan into the cell N mtrosophthalimidine (Ladd 
1945) IS another highly fungitoxic compound with the — CO — NR — 
CO — group but no — SC(C 1)3 The fungitoxicity of this compound was 
also used by Horsfall and Ftich to support their theory Horsfall and 
Rich (1954) pointed out that electronegative groups adjacent to a 
sulfur atom enhance activity The electronegative carbonyl groups m 
captan would draw electrons from the nitrogen atom, makmg the N-S 
bond less stable 

Uhlenbroek and Koopmans (1957) found that — SC(C 1)3 alone did 
not make a compound fungitoxic They reported that H 3 CSSC(CI )3 rs 
CoH 5 SCC(C 1)3 is slightly fungitoxic, while 2 NO 2 C 0 H 4 
SSC(C 1)3 IS very fungitoxic In addition, they found that — C(C 1)3 could 
without destroying fungitoxicity completely For example 
H 3 CCeH 4 S 02 SC(Cl )3 to Ftisanum culmorum is m the range 
ot 9315 to 10 mg /liter, very fungitoxic Replacmg the — C(C 1)3 with 
a CH 3 results m a compound with an ED50 on the range 10-31 
ter, shll quite fungitoxic Uhlenbroek and Koopmans found that 
tne more electronegative groups on R in RSSC(C 1 ) 3 , the more fungi 
toxic e analogue In RS 02 SC(Cl) 3 , however, the analogues are quite 
ungitoxic, regardless of the electronegativity of R They concluded that 
10 ypo esis of increased fungitoxicity by electronegative groups 
^ ^ ^PPly for RSSC(CI )3 but not for RSO 2 

According to Ingold (1953), however, — SOsR is a very strong 
electronegative group m itself Changes m R, therefore, may not give 
good evidence for or against the electronegativity theory, when —SO R 
IS adjacent to a sulfur atom 
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< naphthoquinone Halogenation while decreasing water solubility and 
phytotoxicity, increases fungitoxicity Chlorination improves fungitoxicity 
the most, brommation next, and lodination least Alkylation ortho to 


+ HS— R- 


j jsR + IhO 


(Eq U) 


carbonyl groups reduces fungitoxicity, presumably by steric hmdrance 
A pomt of mterest is that the qumonoid structure may not be nec^ 
sary to the activity of these compounds For example, Owens 
reports that 2 5 dichlorohydroqumone is almost as toxic as cMoranil Ot 
course, data of Rich and Horsfall (1954a) suggest that the hydroqnmone 
may be oxidized to the qumone by fungi 


E Phenoltc Compounds 
Phenoho compounds have been of mterest as germicides smce tlie 
mtroducbon of carboho acid mto surgery by Lister m the last century 
Phenols as fungitoxicants or germicides have been pmticulMly usefu 
m medicme and mdustry rather than m agriculture One of the most 
widely used gemiicides m medicmal preparabons is hexylresorcmol 
Various denvaUves of cresol and phenylphenol are used as wood pre 
servabves Sodium dmitro o cresylate (Keitt 1939) has een use as 
spray on orchard floors to lull overwmtenng forms of fungi which cans 

fruit diseases r •. 

One of the significant contributions to the stiucti^e fungitoxicUy 
bonships of phenTwas made by ShuL (1954) He found that al^latmg 
both pLtio^^i ortho to the phenohc -OH greatly reduced 
In addition, o-chloro 6 alkylphenols are less than 

pondmg o alkylphenols (Shirk and Corey 1932) Shuk explains tin 
effect I steric hindrance He bases Ins 

Stillson et al (1945) who found that phenols substituted 2 6 wi* fcge 
alkyl groups gave reacbons not at all hke typical phenols These they 
cSed^dereTphenols Interfermg with the reacbvity of the phenolic 
—OH then orofoundly affects fungitoxicity , , r i, 

An’oEhL g^CTf pLnohc fungicides of mterest are b^sphenols 

The^e^icidal acbou of these compounds “a^t) 

as G-4. preventol GD and dichlorophene (Fig I-) 
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reported, some — S — C(C1)3 compounds are nontoxic, and i£ replacing 
— C(C 1)3 does not destroy fungitoxicity, then thiophosgene production 
may not be the whole story of — S — C(C1)3 compounds Captan, which 
loses its chlorine atoms readily, may well form the N chlorotetrahydroph 
thalimide as a transitory mtermediate, analogous to diisothiocyanates 
formed m nabam breakdown That the N chloro derivative may form is 
supported by Orwoll (1954) He presented the following possibihty 
(Equation 18) for the Weakdown of a captan type molecule 

Vr - sea, -» CS Cl, + Ar Cl (Eq 18 ) 

Although N chlorotetrahydrophthalimide is too unstable to test, its ana 
logue N chlorosuccimmide, is a well known and highly active germicide 
The phthalimide itself could be very fungitoxic when released tn situ 
The breaking of the N — S bond would leave the N position free to 
combine with any reactive grouping within the cell Captan then may 
poison by releasmg highly reactive tetrahydrophthalimide radicals thio 
phosgene and chlorine 

So much for the heterocyclic nitrogen compounds, a particularly rich 
source of fungitoxicants 


D Quinones 

Qumones are among the most powerful of the agricultural fungicides 
The two most commonly used in prachce are both chlorinated com 
pounds These are 1 4 tetrachlorbenzoquinone (chloranil), and 2 3di 
chloro 1 4 napthoqumone (dichlone) 

Chloranil has found its use primarily as a seed protectant As a 
foliage fungicide it usually fails to protect, being readily photolysed to 
nontoxic products 

Dichlone much less readily photolysed is widely used as a fohag® 
spray It has been particularly successful against apple scab The 
potency of the qumones may be illustrated by the usage of dichlone for 
controlling apple scab Most protective fungicides for apple scab control 
require 1 to 3 lb of formulation per 100 gallons Dichlone is used suc- 
cessfully at a dosage of to lb per 100 gallons 

wens (1953a) points out a number of ways by which qumones may 
poison spores As a /3 unsaturaled compounds they may combine with 
sulfliydryl groups (Equation 19) 

Tliey may also interact with ammo groups 

Qumones may also poison by rerouting electron transfer systems as 
described m an earlier section 

McNew and Burchfield (1951) found the followmg order of increas 
mg fungitoxicity antliraqumone < benzoqumone < phenanthraquinone 
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< naphthoquinone Halogenation, while decreasing water solubility and 
phytotoxicity, increases fungitoxicity. Chlorination improves fungitoxicity 
the most, bromination next, and lodmation least Alkylation ortho to 


+ HS— R- 


I SR + H5O 


(Eq iq) 


ll 

O 


carbonyl groups reduces fungitoxicity, presumably by stenc hindrance 
A pomt of mterest is that the qumonoid structure may not he neces 
sary to the activity of these compounds For example, Owens 
reports that 2,5 dichlorohydroquinone is almost as toxic as chloranil Ot 
course, data of Rich and Horsfall (1954a) suggest that the hydroqumone 
may be oxidized to the qumone by fungi 

E Phenolic Compounds 

Phenolic compounds have been of mterest as germicides smce the 
mtroduction of carbolic acid mto surgery by Lister m the last century 
Phenols as fungitoxicants or germicides have been particulmly useful 
m medicme and mdustry rather tlian m agriculture One of the most 
widely used germicides m medicmal preparations is hexylresoranol 
Various derivatives ot cresol and phenylphenol are used as wood pre 
servatives Sodium dmitro 0 cresylate (Keitt, 1939) has been used as a 
spray on orchard floors to kill overwmtermg forms of fungi which canse 

fruit diseases . ^ x 

One of the significant contributions to the structme fungitoxicity rela 
tionships ot phenols was made by Shirk (1954) He found that alkylating 
both positions ortho to the phenolic -OH greatly reduced fungitox^ci^ 
In addition, o chloro 6 alkylphenols are less 

pondmg o alkylphenols (Shirk and Corey, 1952) Shirk plains thi 
effect as stenc hmdrance He bases his ™gg“ti™ on 
Stillson et al (1945) who found that phenols substituted 2 6 “8® 

alkyl groups gave reacUons not at all '*\W‘cal Pheuo s fniese the^ 
called tadered phenols Interfermg with the reactivity ot the phenolic 

-OH, then, profoundly affects fungitoxicity , ^ ^ ^ I„,ohenols 

Another croup of phenolic fungicides ot mterest are the hispheno s 

The getiTcidal action^of these eompounds -- fi-t " 
as G-4, preventol CD and dichlotophene (Fig 1-11 
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Goldsworthy and Gertler (1949) reported this compound to be an excel 
'“VhtXelp" ndmg IhXptnols are also effective fungicnies Here 


OH HO 

/ 


Cl 

Fig 12 2 2 Melhylenebis(4 chlorophenol) 

human diseases Schraufs tatter et al (1949) reported 2 2 ' thiobis (4 
chlorophenol) as a particularly good antimycotic Horsfall and luc 
(1950) showed Schraufstatters compound to be an excellent o lag 
protectant against apple scab Unfortunately^ it damaged the fruit 
Cade and Gump ^954) summarized the results of structure activity 
research with bisphenols Activity is increased by halogenation of eac 
rmg in the 4 positons Any more halogenation decreases activity ® 
phenolic — OHs are most effective ortho to the bridge Imkmg the 
The type of bridge between the two rings is not too important ® 
bridge must be small enough however to prevent spreading the y 
droxyls too far apart Tins latter evidence indicates that chelation 
play a part m the toxicity of the bisphenols , 

There are many other kmds of fungicides such as salicylates an 
benzoates that have been considered phenolic toxicants The large group 
of phenolic toxicants are usually considered as nonspecific protoplasmic 
poisons 




F Halogenated and filtrated Aromatic Compounds 
The halogenated aromatic compounds are usually toxic because they 
readily release nascent halogens This is undoubtedly the meclianism o 
action of such compounds as chloramine T and N chlorosuccimmide 4ne 
freed chlorme may act to form oxidizing HCIO as m the case of m® 
hypodilontes Another kmd of action may be a direct halogenation o 
a metabolite to form an antimetabolite 

Nitrated aromatic compounds most potent as fungicides are J 
cither halogenated or they are phenols One of these compounds - 
dinitro-o crcsol was mentioned m llie previous section Another is 
2 1 dmitrophcnol a powerful uncouplcr of phosphorylation Of dic 
halogenated nitro aromatics, one of the most powerful fungicides is 
1 fluoro-3-bromo-4 G-dmitrobcnzenc (Finger et al , 1955) The clilc^ 
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nated nitrobenzenes have been of continuing interest since they were 
first described as fungitoxicants (Brown, 1935). Pentacliloronitrobenzene 
and tetrachloronitrobenzene have found use both as soil fungicides and 
for the control of Botrytis sp. on plant parts. These compounds prevent 
sporulation, and are vapor-phase fungistats which do not prevent spores 
from germinating but do stop hyphal growth (Reavill, 1954). Horsfall 
(1956) suggests that compounds of tliis type are antimitotics. It may 
be that pentachloronitrobenzene and tetrachloronitrobenzene act spe- 
cifically as competitive inhibitors for inositol, a required growth sub- 
stance for many fungi. 

G. Other Organic Fungitoxicants 

The list of fungitoxic organic compounds is a long one. They cannot 
all be mentioned in one short chapter. Such fungitoxicants as quaternary 
ammonium compounds were mentioned in the section as surfactants 
These have been tried for the control of plant diseases (Howard and 
Keil, 1943). 

Not yet mentioned are the aliphatic fungitoxicants. These are of not 
too much importance and most probably act as nonspecific, physical 
to.xicants. The organometalh'c fungicides have been of particular interest, 
so should not be omitted. SufBce it to say that many organometalhc 
compounds, such as the organic mercurials, are more powerful than 
the inorganic compounds of the same metals. Of mterest m this regard 
is tin, not very fungitoxic in inorganic combinations, but producing 
some highly fungitoxic organic compounds (van der Kerb and Luijten, 
1954). 


V. pAsmomNC Fvncicwes 
A. Success of Screening Programs 
The artistry of the synthesizing chemists combined with the carefully 
designed screening programs of the biologists has given us a wealth of 
new and highly effective fungicides in recent years. The metliods used 
for screening are as various as the laboratories so engaged. Although the 
selection of compounds to be screened is usually empirical, the tests to 
which the compounds are subjected are based on loiowledge of plant 
diseases. Regardless of the method, there is very little question that most 
of the commercial fungicides now in use would have been selected by 
any of the presently operating screening programs. The screens 

Concomitant with the selection of candidate fungicides, the screen- 
ing programs have resulted in masses of structure-activity data. These 
data have been carefully scrutinized for “philosopher s stones” whicli will 
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predict fungitoxic configurations The literature abounds with such 
studies These have been of use m predicting the activity of closely 
related compounds, and in a few cases have predicted the activity of 
untested configurations 

B Present Holes tn Screening Programs 
One of the mam problems plagumg searchers for fungicides is the 
field failure of compounds which look promismg m the laboratory The 
present laboratory programs will pick all the winners, but, m the process 
they also pick too many losers Field testing is expensive 

Why do compounds look good m the laboratory and yet often are 
of no value for protecting plants m the field? Some of these factors 
mvolve the physical fonn of the fungicide One of these physical factors 
of primary importance is particle size A great number of studies have 
demonstrated tlie relationship between particle size and both fungi 
toxicity and tenacity In order for fungitoxic compounds to succeed m 
the field they must not only be m a proper physical form but also they 
must be carefully formulated Burchfield and Goenaga (1957) have 
recently shown that even such an old and widely used fungicide as 
Bordeaux can be made more effective by formulation with certain 
wetting agents Copper oxide succeeded as a foliage fungicide only after 
each particle was coated with gum arabic The gum arable coating pre 
vented the agglomeration and consequent poor performance of the 
copper oxide particles This made the difference between success and 
failure 

Verv often candidate fungicides fail because they have not been 
subjected in the laboratory to the extremes of weathering encountere 
in the field Altliough laboratory testing ordinarily includes a washing 
or ram test the compounds arc not usually subjected to other weather 
ing factors Some of these additional factors are wmd whipping of 
leaves leaf expansion high intensities of actmic light, long periods of 
continuous high humidity with attendant carbonation and oxidation, and 
^riodic wetting and diying which would tend to mcrease hydrolysis 
Tlicse factors any of which may be critically important to field per 
formance are seldom or never tested m the laboratory Fungitoxic 
compoimds passmg tlie ram test should be subjected to otlier weatlicr 
mg factors before bemg field tested 

FungUoxicmls may be lost not only by physical action but also 
through biological activity Tlie compounds may be degraded eitlicr by 
loaf emanations or by microbiological activity Antibiotics arc notoriously 
subject to degradation by soil microorganisms It is interesting to note 
that biological degradation may actually make a compound more toxic 
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Byrde and Woodcock (1953) report such a case. They found that 1:4- 
diacetoxy'2 ; 3-dichloronapIithaIene, weakly toxic, becomes highly toxic 
when mixed witli an enzyme preparation of high acetyl-esterase activity. 
Byrde and Woodcock suggest that the esterase changes this compound 
into the corresponding hydroquinone. Horsfall (1956) suggested that a 
phenol oxidase converts the hydroquinone to the quinone. 

The pitfalls of a candidate fungicide are many and varied. It should 
be possible, however, to devise laboratory tests to eliminate many of 
the compounds which now use up time, space, and money, failing in 
the field. 


C. Future of Fungicides 

What is the future of fungicides? The future of fungicides is excel- 
lent. We become discouraged and go through periods of “agonizing 
reappraisal” only because our ignorance is so profound. We cannot make 
sense of the rapidly accumulating data. This chapter and others like it 
were written with the hope of illuminating signposts. Only by extrapola- 
tion from existing knowledge can we expect to find a “field theory” of 
fungicide action, if such exists. Without question, the many pathways 
pointed out by structure-activity studies eventually will become usable 
roads. 

Should we continue to search for better fungicides? We need only 
to look to the history of insecticides for an affirmative answer. The dis- 
covery of the insecticidal properties of DDT, the chlorinated hydro- 
carbons, and the phosphates, has given us insecticides many tunes more 
powerful than the old. So it will be with fungicides. 
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The science of plant pathology was concerned primarily with the 
fungi durmg the first 50 years Then the bacteria had a short period of 
prommence This did not last long, however, because fungi were stm 
more numerous as pathogens Bacteria were pushed mto tlie background, 
too, by the viruses which have been demandmg mcreasmgly more 


attention 

The nematodes are not “newcomers” as plant pathogens, the wheat 
nematode was known as a plant pathogen m 1744 and other important 
species were described in the 19th century Present day general accept 
ance of nematodes as important plant pathogens was arrived at slowly 
Numerous reasons could be advanced to account for tlie seeming re 


luctance of plant scientists to embrace nematodes as plant pathogens 
Perhaps the fact that they are animals and have been the concern or 
the zoologist, particularly the parasitologist, has tended to place the 
plant pathogenic nematodes m the unique position of being unclaimed, 


until recently, by any organized scientific discipline 

However, throughout this long period of general apathy toward the 
plant parasitic nematodes, their cause was proclaimed far and wide by 
a handful of devoted specialists m nematology who were concerned 
primarily with the importance of nematodes as destroyers of cultivated 
plants 


As the importance of many types of nematodes as plant patliogens 
was recognized plant pathologists became more concerned with them 
The result is that we have a new race of plant pathologists — those con 
cerned with animals that are plant pathogenic Moreover, we still have 
the zoologist specializing in nematology and contributmg much of the 
fundamental information concerning systematics, morphology, physi 
ology and ecology of the soil inhabiting nematodes The problem is o 
great magnitude and presently requires the additional knowledge that 
will result from the cooperation of these animal and plant scientists 


I The Problem of Proving Pathogenicity 
Nematologists have struggled agam over the same old rough ground 
traversed by the mycologists bacteriologists, and virologists How can 
one prove that a nematode is a pathogen? Nematologists inherited agar 
techniques and petri plates from their predecessors but little else that 
was significant in their search for the elusive proof 

The extreme difficulty of obtammg pure cultures of nematodes has 
made the proof most difficult Without proof, many plant patliologists 
have been loath to accept the pathogenicity of many species They 
have accepted constant association as sufficient evidence for patho* 
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genicity of such obvious nematodes as tlie root knot nematode and the 

golden nematode. j j u 

Nematocides have contributed enormously to the proof needed by 
the nematologists, who were not able, at least until recently, to cultoe 
the nematodes, add them to plants, produce tlie disease, and reisolate 
the original nematode. The use of nematocides to Ml them has given 
a type of inverted proof. Constant association made this reasonably easy. 
Nematocides killed off the nematode and, thus, interiupted the instant 
association. This was nearly as good proof as Koch demanded. At least 
it was good enough to set many men baying doivn the trail of nematodes 
as plant pathogens. The subject grows apace. 

II. WllAT A NeMATOODE Is 

The term nematocide is restricted in this discussion to chemicals wi* 
nematode-killing properUes that have been used or are currently used 
to reduce populations of plant pathogenic nematodes. 

In addition to nematocidal activity, useful 
special properties with regard to phytotoxicity, difEusion 
solubility, iapor pressure, and cost. The chemicals that 
sidered as nematocides are not specific m their toxic aohon " 
kQl all of the nematodes that are present m the area of their acti ty. 
Seme nematocides are 

and could equally well be referred to as biocides smce they partially 

or completely sterilize the soil. hartpna 

In disease complexes involvmg nematodes and 
there may be secondary benefits from the f "asure- 

Generally! too, the benefits of treatrnents wi* Tovv* 

able in terms of wiil increase the 

^rolrrir i^eriote ‘investigators suggest ^at fumigation 

treatment with a * ”“er an amount equal to hvice 

product sufficiently to return to 8 economical 

the cost of the treatment TayWlSSO f 
to fumigate soil for "omamde contd unless g 

is at least $37S per acre factors that determine 

individual growers, smce there a f situations where a 

whether or not a even ^though it more than doubles the 

nematocide is not ,,,I,en sugar beet yields have been 

yield of the crop, as m Cah economic level, 

doubled but tlie yield on trea e increase m total yield, 

In other situations there may be no & 
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but the quality is increased to profitable levels This has been evident 
in such crops as carrots and potatoes (Taylor, 1951) One of the at 
tractive features of nematode control by nematocides is that the benefits 
of the treatment are immediately obvious to growers in terms of net 
profit This is no doubt responsible for tlie fairly rapid adoption of 
nematocides once they became available at relatively low cost 

III Historical 

The application of chemicals to the soil to control plant parasitic 
nematodes was undertaken by a number of mvestigators because crop 
failures were associated with die presence of these pests Kuhn (1881) 
attempted control of the sugar beet nematode, Hetcrodcra scluichtii 
Schmidt 1871, with a number of chemicals and concluded that the most 
promismg was carbon bisulfide However, this chemical was not entirely 
satisfactory because of the high cost of the treatment and the relatively 
imsatisfactory results It is likely that Kuhn used carbon bisulfide be 
cause of its then widespread use against grape Phylloxera Neal (1889) 
apphed carbon bisulfide to the soil as well as numerous combinations of 
tobacco dust potassium sulfate potassium sulfide sodium hyposulfite 
sulfur and caustic lime in experiments to control root knot nematode m 
Florida He also apphed carbon bisulfide to living plants which were 
killed by the chemical because it is highly phytotoxic Neal did not 
obtain satisfactory results with carbon bisulfide probably because he 
allowed an interval of only one day between treatment of the soil and 
planting He did however indicate that tobacco dust was the most 
satisfactory of the treatments he tried 

It IS apparent from the literature that until 1940 numerous chemicals 
were mvestigated as possible nematocides for the control of nematodes 
Chloropicnn appears to have been the only satisfactory chemical tested 
prior to 1940 for the treatment of nematode mfested soils on a com 
mercial scale 

Chloropicnn was first reported to be an effective nematocidal 
chemical for use m soil by Matthews (1919) Subsequently, Johnson 
an o frey (1932) reported excellent control of root knot nematode m 
pineapp e soils This chemical is now widely recognized for its nemato 
cidal fungicidal and herbicidal properties As a nematocide it was once 
wi e y ^sed in pineapple soils m Hawaii where satisfactory increases 
Chloropicnn has a fairly high vapor pressure 
( a e ) and it is most effective when confined to the soil by im 
pervious covers by a water seal or by the use of high dosages The high 
cost of soil treatments with chloropicrm (approximately $150 to $200 
per acre) has tended to restrict its use to crops of high value per acre 
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Taylor and McBetli (1941) developed the spot treatment method of 
applying chloropicrin and this made it economica ly feasible to treat 
Urge “Lages of melons where treatment of the planUng site reduced 
the cost to approximately $5 per acre. 

Methyl bromide is sometimes tised as a soil fumiga 
nematodes. Richardson and Johnson (1935) «Ported it to 
nematocide and subsequent workers have reported *^itions for 
its most effective use. The chemical has had --f ^ Xct ve 

nematocide except for special crops of high value but is very effective 


TABLE I 

PHTSIC^I> Propekties OF Nematocides 


Nematocide 


Chloropicrm 
Methyl bromide 
D-D Mixture 
Ethylene dibromido 

l,2-dibromo-3-chloropropanc 

Sodium N-methyl 
dithocarbamatc 
VC-13 


Boiling 

I)oint 

ro 

Vapor 

pressure 

(25* C ) 

Specific 

gravity 

Solubility 
(gin /lOO ml 
\\ater) 

Physical 

state 

112 

45 

<95-150> 
131 6 
196 

24 0 
1824 

40 4 
12 0 
0 9 

1 65 

1 73 

1 2 

2 17 

2 08 

0 20 

0 09 

0 27 

0 43 

0 15 

Liquid 

Gas 

Liquid 

Liquid 

Liquid 

124-130 
(0 25 inm ) 

- 

- 

72 2 

0 245 
(mg /I ) 

Solid 

Liquid 


in situations where fungicidal and 

Methyl bromide has a high to the soil by gas 

can be effectively used only j„„c to man and extreme care 

impervious covers^ Tliechemi^l^high^^^^^^ ^ , 
must be exercised to a™"* methyl bromide so that it will be 

chloropicrin is frequently added to meinyl ^ 

more easily detected by P”*™* .jj beginning with the discovery 

The era of modem nematocides had its bejm 

by Carter (1943) of *e ^hlJe). This was the first relatively 

2-dichloropropane mixture ( control nematodes in soil at a 

cheap nematocide ftat cou commercial treatments. Unlike chloro- 
cost that permitted large-sc n,i.(lurc, because of its lower vapor 

picrin and methyl bromi e, imoervious covers or water seals, 

pressure, does not require le dibromide had given cxmllcnt 

In 1945, Christie reported tliat y preliminary tests. Stibse- 

control of root knot riematode m the m P 

quently, this chemical and D-D mextur 

control nematodes in t le soi 
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Unlike many of the previous chemicals that were used to control 
nematodes, D-D mixture and ethylene dibromide have very little effect 
on soil fungi at the dosage rates ordinarily employed to control nema- 
todes in the field. Both chemicals do, however, kill soil animals and 
both have been used as soil insecticides. Ethylene dibromide was widely 
used to control wireworms (Lange, 1947) until the advent of the 
chlorinated hydrocarbon insecticides. 

Since the discovery of D-D mixture and ethylene dibromide, one 
additional chemical has been developed tliat is now widely used, this 
is 1,2 dibromo-3-chloropropane reported by McBetli and Bergeson 
(1955). Later in 1955 Allen et al. reported the chemical to be an ef- 
fective nematocide based on experiments conducted in 1953 and 1954. 
This material presents a new aspect, low phytotoxicity. Thus, it can be 
safely applied to living plants. 

Historically, the discovery of D-D mixture and ethylene dibromide 
and their subsequent wide use as low cost effective nematocides has 
had a very profound influence on our knowledge of plant pathogenic 
nematodes Many nematodes ecloparasitic on roots have been discovered 
by the use of one or the other of these nematocides in fields where crop 
growth and yields were reduced from unknown causes. In addition, 
the use of these materials has made possible a more accurate appraisfl^ 
of the damage that should be attributable to nematodes. The spectacular 
mcreases in yield that have frequently resulted when nematodes are 
controlled have served to make growers aware of the necessity of 
employing nematode control procedures. The net result of the use of 
these materials has been the awakening of a widespread interest in 
nematodes as plant pathogens, recognition that nematodes are frequently 
important in certain disease complexes, and renewed activity in the 
study of nematodes 

IV. The Effect of Nematode Control on the Crop 

Nematocides are usually applied in situations where control of 
nematodes will result in increased quantity or quality of yield of the 
harvested portion of the crop (Fig. 1). It is not possible to cite all 
i^tances of increased yields that have been reported in the literature. 
The fact that the use of nematocides has mcreased many fold during the 
past 1 ^ years is ample testimony to the effectiveness of nematocides in 
mCTeasmg crop yields. Thorne and Jensen (1946); Raski et al (1953), 
Allen et al. (1955); Lear and Thomason (1956), Stark et al (1944) 
an numerous other investigators have reported the increased yields 
resulting from the use of nematocides. 

Tliere is no mctliod, aside from experience, that permits an accurate 
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forecast of tlie yield increases that can be obtained from nematode 
control treatments Over a period of 10 years wlien all plots were care 
fully selected on tlie basis of previous nematode damage from root knot 
nematode and for soil types favorable to nematocidal treatments, tlie 
yield of Imt cotton m California tests has varied from no significant 
mcrease to more tlian one bale per acre witli both broadcast and row 
placement treatments The percentage increase does not appear to be 
correlated with tlie yield obtamed on untreated soils For example, AUen 



Fig 1 Left uninfested carrot nght carrot infested with root hnot nematode 

and Raski (1950) obtained yield mcreases of 0 6 to 10 bale of lint 
cotton when the yields on untreated plots were only slightly more than 
one bale per acre In 1957 preplantmg row placement treatments with 
9 gallons of D-D mixture per acre resulted m a yield of 3 50 bales of 
Imt cotton per acre on land that produced 2 57 bales of Imt cotton with 
out treatment Although satisfactory yields are sometimes obtained 
on land which is heavily infested with nematodes, this should not 



608 


M W AT.T.F-M 


Unlike many of the previous chemicals that were used to control 
nematodes, D-D mixture and ethylene dibromide have very little effect 
on soil fungi at the dosage rates ordinarily employed to control nema- 
todes m the field Both chemicals do, however, kill soil animals and 
both have been used as soil msecticides Ethylene dibromide was widely 
used to control wireworms (Lange, 1947) until the advent of the 
chlorinated hydrocarbon insecticides 

Smce the discovery of D-D mixture and ethylene dibromide, one 
additional chemical has been developed that is now widely used, this 
IS 1,2 dibromo 3 chloropropane reported by McBeth and Bergeson 
(1955) Later m 1955 Allen et al reported the chemical to be an ef 
fective nematocide based on experiments conducted in 1953 and 1954 
This material presents a new aspect, low phytotoxicity Thus, it can be 
safely applied to hvmg plants 

Historically, the discovery of D-D mixture and ethylene dibromide 
and their subsequent wide use as low cost effective nematocides has 
had a very profound influence on our knowledge of plant pathogenic 
nematodes Many nematodes ectoparasitic on roots have been discovered 
by the use of one or the other of these nematocides in fields where crop 
growth and yields were reduced from unknown causes In addition, 
the use of these materials has made possible a more accurate appraisal 
of the damage that should be attributable to nematodes The spectacular 
mcreases m yield that have frequently resulted when nematodes are 
controlled have served to make growers aware of the necessity of 
employmg nematode control procedures Tlie net result of the use of 
these materials has been the awakening of a widespread interest m 
nematodes as plant pathogens, recognition that nematodes are frequently 
important m certam disease complexes, and renewed activity in the 
study of nematodes 

IV The Effect of Nematode Conthol on the Crop 
Nematocides are usually applied in situations where control of 
nematodes will result in increased quantity or quality of yield of the 
harvested portion of the crop (Fig 1) It is not possible to cite all 
instances of increased yields that have been reported in the literature 
The fact tliat the use of nematocides has mcreased many fold during the 
past 15 years is ample testimony to die effectiveness of nematocides m 
increasing crop yields Thorne and Jensen (1946), Raski et al (1953), 
Allen et al (1955), Lear and Thomason (1956), Stark et al (1944) 
and numerous other investigators have reported the mcreased yields 
resulting from the use of nematocides 

Tliere is no metliod, aside from experience, that permits an accurate 
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forecast of tl.o yield increases Urat can be obtamed from nematode 
control treatments. Over a period of 10 years when 

fully selected on Uio basis of previous nematode damage from root knot 
nematode and for soil types favorable to 

Yield of lint cotton in California tests has varied from no signihcant 
Lcreaso to more than one bale per acre wiUi both broadcast and row 
Xeer^ent treatments. The percentage increase does not appear to be 
mrrelatcd widr tlie yield obtained on untreated sods. For example, Allen 
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and Raski (1950) obtained yield slightly more than 

cotton when the yields on untrea e p placement treatments with 

one bale per acre. In 1957 taTidd of 3.50 bales of 

9 gallons of D-D ® ““^pced 2.57 bales of lint cotton with- 

lint cotton per acre on land tlmt p , jj are sometimes obtamed 

out treatment. Although -“£^„,^=tmatodes, this should not 
on land which is heavdy mtestea 
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necessarily be the final criterion in determining the necessity of con 
troUmg nematodes This is so, because of tlie variety of soils, and cultural 
practices that are encountered m the field If it is known that nematodes 
are present, then exploratory treatments should be undertaken to 
determine the advisability of applying a nematocide 

Nematocides applied for tlie ei^ress purpose of securmg the maxi- 
mum reduction in populations and maximum yield that are possible are 
applied as area treatments In these treatments, an attempt is made to 
kill all of tlie nematodes m the upper layers of the soil Conventional 
treatments of this type involve the injection of the volatile nematocides 
by shanks spaced 12 inches apart and to a depth of 8 inches in the soil 
i 5-D mixture at 20 gallons per acre, 83% ethylene dibromide at 4-6 
gallons per acre, or 1,2 dibromo-3 chloropropane at 1 to 2 gallons per 
acre arc the dosage rates ordinarily used to control root knot nematode 
m sandy or sandy loam soils Because of the extreme range of soil types 
it IS not possible to predict tlie exact results that can be obtamed from 
1 specific treatment However, the application of 20 gallons of D-D 
mixture per acre to a cotton field m California m 1946 resulted in nearly 
1002 control of root knot nematode larvae to a depth of 5 feet Examina- 
tion of the roots of cotton grown subsequently in this field also indicated 
a high degree of control This treatment satisfactorily controlled the 
nematodes for hvo crops of cotton However, this is an exceptional 
circumstance as indicated by Allen et al (1955) Row treatments with 
9 gallons of D-D mixture per acre increased cotton yields by 0 3 bale of 
lint cotton per acre on plots treated the previous year witli 20 gallons of 
D-D mixture per acre More striking results have been obtained in tests 
on sugar beet nematode by Tliomc (1952) where there was complete 
crop failure of beets planted on sod that had been treated and had 
grown a crop of beets the previous year 

There arc nemalocidal treatments that are directed toward eliminating 
all of the plant pathogenic nematodes in the soil Such is the case in tlic 
preplanting treatments of soils for perennial crops such as citrus, walnut, 
apple, cheny peach, grape Here it is necessary to apply high dosages 
so lint kills arc obtained to considerable depths in the soil However, 
even m s,andv soils kills arc only obtained to a depth of about 8 feet 
Row placement treatments arc a variation of the spot treatments 
suggested by Taylor and MacBclh (1941). Tliey are applied to protect 
the root sx stem of the plant from early attack by large numbers of nema- 
todes Tlio degree of control is not as higli as is obtained with area 
Ircalmcnls, and usuall> the increases in yield arc not as great (Rnski 
cf (li , 1953) However, a lesser amount of the fumigant is applied so 
lliat the net profits obtained from row treatments arc usually about 
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equal to those from area treatments. The amount of nematocide re- 
quired for row placement treatments varies with the row spacing. In 
cotton where row spacings are 38 to 40 inches satisfactory control o 
root knot nematode can be obtamed by the application of 7 to 9 gallons 
per acre of the dichloropropene nematocides, 2 5 to 3 8^“°^ ^ 

of 83% ethylene dibromide or 0.5 to 0.75 gallons per acre “f omo- 

3-chloropropane. The amount requued is less if row | ^ 

than those indicated. Row placement treatments may be ‘>PP“ wi* 
one, two. or three chisels spaced at 12 inches depending on the crop to 
be grown. 

A. Nutritional Effects 

Hants iniured by nematode infestations exhibit symptoms that are 
charaeteristio of nutritional deficiencies. The P“^ 
of sugar beets infested with sugar beet nematode 
to be caused by a potassium deficiency However such to 

respond to soil appUcations of potassium « f:^‘'n:;trbeet 

was later found that the primary cause o pnnentlv deficient in 

nematode (Fig. 2). Nematode infested plants are frequently defemnt 



Fio. 2 Sugar iiuet fleW shu-g u.,ury aud -oss of stand caused by sugar bee. 
nematode. . c om'). 

certain essential symptoms. One 

todes sometunes results “ by growers on crops that 

of the corrective measures that fnliauc is the application of 


additional amounts of ' ^jat involved nematodes. When Uie 

witll little success m many pro „„tjol of nematodes, the plants 

problem has been correeted y stimulated and symptoms 

grown on treated soil “PP®“. mfviated. Tliis situaUon has caused 
of nutritional deficiency have been alleviate 
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necessarily be the final criterion in determining the necessity of con 
trollmg nematodes This is so, because of the variety of soils, and cultural 
practices that are encountered m the field If it is known that nematodes 
are present, then exploratory treatments should be undertaken to 
determme the advisability of applying a nematocide 

Nematocides applied for tlie express purpose of securmg the maxi- 
mum reduction m populations and maximum yield that are possible are 
applied as area treatments In these treatments, an attempt is made to 
kill all of the nematodes m the upper layers of the soil Conventional 
treatments of this type involve the injection of the volatile nematocides 
by shanks spaced 12 mches apart and to a depth of 8 inches in the soil 
D-D mixture at 20 gallons per acre, 83% ethylene dibromide at 4-6 
gallons per acre, or 1,2 dibromo-3 chloropropane at 1 to 2 gallons per 
acre are the dosage rates ordinarily used to control root knot nematode 
m sandy or sandy loam soils Because of the extreme range of soil types 
it is not possible to predict tlie exact results that can be obtained from 
a specific treatment However, tlie application of 20 gallons of D~P 
mixture per acre to a cotton field in California m 1946 resulted m nearly 
1002 control of root knot nematode larvae to a depth of 5 feet Examina- 
tion of the roots of cotton grown subsequently m this field also indicated 
a high degree of control This treatment satisfactorily controlled the 
nematodes for two crops of cotton However, this is an exceptional 
circumstance as indicated by Allen ci ai (1955) Row treatments with 
9 gallons of D-D mixture per acre increased cotton yields by 0 3 bale of 
lint cotton per acre on plots treated the previous year with 20 gallons of 
D-D mixture per acre More strikmg results have been obtained m tests 
on sugar beet nematode by Thome (1952) where there was complete 
crop failure of beets planted on soil diat had been treated and had 
grown a crop of beets the previous year 

There are nematocidal treatments that are directed toward ehminatmg 
all of the plant pathogenic nematodes m the soil Such is the case m the 
prcplanting treatments of soils for perennial crops such as citrus, walnut, 
apple, cherry, peach, grape Here it is necessary to apply high dosages 
so that kills are obtained to considerable depths in the soil However, 
even in sandy soils kills are only obtained to a depth of about 8 feet 
Row placement treatments arc a variation of the spot treatments 
suggested by Taylor and MacBelh (1941) Tliey are applied to protect 
the root s>stem of tlie plant from early attack by large numbers of nema- 
todes Tile degree of control is not as high as is obtained with area 
treatments, and usually tlie increases in yield are not as great (Raski 
ct al , 1053). However, a lesser amount of the fumigant is applied so 
lint the net profits obtained from row treatments arc usually about 
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equal to those from area treatments. The anrount of nematoade re- 
quired for row placement treatments varies witli tlie row spacmg In 
cotton where row spaeings are 38 to dO inelies. saUsfaeton- contro of 
root knot nematode can be obtained by the apphcaUon of , to 9 gaUons 
per aere of tlie dichloropropene nematoeides, 2 a to 3 gallons per acre 
of 83% ethylene dibromide or 0.5 to 0.75 gallons per acre of 1.2.dibroino- 
3-chloropropane. The amount required is less if row sp.iangs me ^eater 
than those indicated. Row placement treatments may be apphed i4 
one, tivo, or three ehisels spaced at 12 indies dependmg on the crop to 
be grown. 

A. Nutritional Effects 

Plants injured by nematode mfestations ediib.t sj-mptoms that are 

eharaeterisue of nutritional defieiene.es. The 'To 

c T_ u • £ 1 . ^ clicnr beet nematode ^^e^e once thought 

of sugar beets mfested with =“8^ “ However, sudi plants failed to 

Zi". m'a ‘SiS.iSS.'S'i-. " 



rrtrnnMiM , , , , 

Oi sn„d caused br su^c beet 

nematode ^ surprising that control of nema- 

certain essential elements ^o„ecUon of deficiency symptoms. One 

todes sometimes results growers on crops that 

of the corrective of die foliage is die appp 

e^bit poor g'ToTferthrer llus procedure has been undertaken 
additional amounts o yg„s that mvolved nematodes. When the 

with httle success m romy P^ ^ nematodes, the plants 

problem has been co X ^ stimulated and symptoms 

grown on “f ’ pave been alleviated This situation has caused 

of nutritional dencieu^^y 
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some investigators to postulate that nematocides applied to the soil 
cause the release of some essential nutritional elements. Although there 
does exist the possibility of some ion exchange as the result of the 
application of nematocides, such claims have not been substantiated. 
The so-called “mcreased growth response” of plants grown on soil 
treated to control nematodes is now recognized to be due largely to the 
control of nematodes and the subsequent development of normal, func- 
tional roots by the plant. 

The effect of soil fumigation with D-D mixture and chloropicrin on 
nitrification and growth of pineapple has been studied by Tam (1945). 
He found that these nematocides suppress nitrification, that ammonia 
accumulates in the soil, and that pineapple plants are able to obtain 
nitrogen from the ammonia. He indicated also that chloropicrin sup- 
presses nitrification for a longer period of time than D-D mixture 
because of its greater toxicity to nitrifying bacteria. Increased amounts 
of nitrogen are also present in the leaves of plants grown on treated soil. 

Tarjan (1950a) reported that boxwood infested with Pratylenchus 
spp. is deficient in several elements and there was some indication of 
an increase in the amount of sodium in the leaves. Oteifa (1952) found 
that lima beans infested with root knot nematode have lower amounts 
of nitrogen, phosphorus, calcium, magnesium, and potassium. He also 
indicated that there is differential uptake of these elements in the 
presence of nematodes. Sher (1958) found that the leaves of roses 
infested with the root lesion nematode, Pratylenchus vulnus Allen and 
Jensen, 1951, contain lower amounts of iron, copper, and magnesium. 
The foliage of the infested roses exhibits symptoms of deficiency dis- 
ease. Rose plants not inoculated with the root lesion nematode and grow- 
ing in the same soil as moculated rosese do not show symptoms of 
deficiency. It might be anticipated that one of the side effects of con- 
trolling parasitic nematodes would be restoration of normal nutrition 
of plants if they are growmg in soil with sufficient available amounts of 
required elements. Tliis seems to be so in the field since plants grown on 
treated soil are usually normal in appearance and make vigorous growtli. 

B. Water ReJationships 

That nematode infested plants suffer from water deficiency was 
observed many years ago in sugar beets infested witli sugar beet nema- 
tode. Infested plants frequently exhibit severe wilting during the day- 
time and recover at night. In cases of heavy infestations, this condition 
of wilting becomes permanent and the plants do not recover regardless 
of tlic application of large amounts of irrigation water. This is an 
extreme example and docs not occur to the same extent in otlier crops* 
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In conducting trials in California rvith nematocides to control root 
knot nematod! infestations of cotton we observed that c^ton ptote 

growing on untreated plots show eviden^ of the need 

rtZ, Xd..a.. - “ssr.rr—^ 

L saL sods were not treated for but 

stated by growers that nematodes not ““"V ^ excessive amounts of 

infested land. 

C. Disease Complexes 

Ihe associations of nematodes with ^^"emlytdims: 

eases of plants have been suggeste y cotton causes greater 

Gilbert (1914) suggested that Ff'-f"'!" '"J ° Xlgs and Bosher 
erop losses when root knot j ® j ^ ,fndrocorpon radicicola Wr. 

(1938) found that meadow ^ by eidier organism 

cause greater damage in ^cZu thaWoot knot ncma- 

alone. Young (1939) presented varieties to Fusarium To the 

tode decreases resistance of many s^nh-ibutions to the subject of 

present time diere have been ‘ 1 ,“ ; "rg “ isms. Some of 

disease completes involving ° ^ follows: meadow nematode 

the best known of *““= (yallcau and Johnson. 1947. Jenkins, 

and brown root rot of toba rooTrot disease of small grains (Jenkins. 

1948b); meadow nematode ana Conincbactcriuin fascians m 

1948a)i Aphdcncholdcs 3 Pitcher. 1932). sting 

cauliflower disease of "“"^jpusarimn wilt of cotton (floldcman 
nematode. Bclonolatmus gra ' noldcnchulus renijormts, and 

and Graham. 1954); ’„ot bnot nematodes, ilcloldo- 

Fusarium wilt of cotton (i e , » .g j, 1955); root knot 

g,j.e spp.. and black shank ono^bac™ ^(^Saswr^c ^ 

nematode and Granville wi /c.^vart and Schindler, 1936); tobacco 
and bacterial wilt of carnations (Meu a (Holdcman. 1956); root 

stunt nematode and Fiisnrium ^ 7 -„fcnc/jor/iync/iuJ claytoni and 

knot nematodes, Pratylcaci ^ • 1956); root knot nematode an 

black shank of tobacco (. -ij, and Hanson, 19of)' 

WUzoctonia disease of cotton CRc>-noIds an 
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One of the most significant developments m these disease complexes 
involvmg nematodes is the discovery that certam disease-resistant 
varieties lose their resistance when nematodes are present along with 
the fungus or bacteria Equally important is the fact tliat if nematodes 
are controlled by nematocides the plants do not lose their resistance 
It IS also of mterest that some of these relationships between nematodes, 
pathogenic fungi, and bactena, have been discovered through the use 
of nematocides Certain of these diseases have been controlled by the 
use of nematocides before there was evidence of the cause of the disease 
These instances have sometimes resulted m the discovery that nematodes 
are tlie primary cause of the disease and that other associated organisms 
are secondary, e g , brown root rot of tobacco Perhaps the most far- 
reaching of the developments in this field is the discovery that nematodes 
are sometimes responsible for breaking of resistance and that resistance 
can be preserved by the use of soil treatments that reduce or control 
nematode populations 

V Foliar Ajn> Seed Borne Nematodes 
Most pathogenic nematodes live in the soil and invade the roots of 
plants On that account, most nematocides are soil treatments 

Still, there are a few foliar and seed borne nematodes and tliey will 
be treated briefly before going into the mam topic of soil borne nema- 
todes, and soil nematocides 

A Poliar Nematodes 

Several species in the genus Aphelenchotdes are pathogens on the 
foliage of plants They are ordmarily not present m large numbers m 
the soil, even m soil around infested plants Control of these species 
widi nematocides involves treatment of tlie foliage with chemicals tliat 
have relatively low phytotoxicity A unique characteristic of several 
of these species is their ability to be ecto- or endoparasitic depending 
on tlie host plant A ritzemabosi (Schwartz, 1911) is endoparasitic m 
chrysanthemum, but if transferred to strawberry it becomes an ecto- 
parasite It has been observed to be both endoparasitic and ectoparasitic 
on gooseberry A fragariac (Rxtzema Bos, 1891) is ectoparasitic on straw- 
berry but becomes an endoparasile in Croft lily and ferns As ecto- 
parasites tliese nematodes ordinarily are located in lightly folded leaf 
and flower buds \Vlien tlie leaves unfold and are exposed to drying, 
tlie nematodes soon disappear from the exposed surfaces 

Practical control of foliar nematodes with chemicals has been ob- 
tained with relatively few materials Chemicals are not ordinarily used 
to control .my of the Angtnna spp that attack cultivated plants 
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The use of sodium selenate as a systemic nematocide to control 
foliar nematode infestations in chrysanthemums has 
Dimock (1944) Tartan (1950b) invesbgated the use of this “fteria 

“ileatoJm control PrUlenc/tus spp infesting boxsvoods and 

... « .b~. 

tacular” control of the foliar "have been 

choides ritzema-bosi, with and bulh nematode in 

found to be effective m experiments on the gg, 

daffodils by Feder (1952) and in aUaUa by Bergeso ( 

B. Seed-Borne Nematodes 

Nematodes carried as 03^56 sucJessfuUy con- 

bulb nematode on onion, teazle, a Goodev (1945) and J. B. 

trolled by fumigation with methyl bromide, T Goodey ( 9 ) 

Goodey a949). However r^nlmt hSef m wlto se^ds or gaUs. 
against nematodes imbedded in p , fact that nema- 

This is undoubtedly due to poor pene inactive at the time 

todes within galls (wheat "7“) “^^XoL “ 

of treatment. 3-p-chlorophenyl Hot water treatments have 

control A. besseyi mfestaUons of (^ont of bulbs and corms in- 

been much more satisfactory for *<= , 

fested with nematodes, (Chitwood et ai., 1941). 

VI. Soil-Bobne Nematodes 

live in the soil and attack 
Since most plant ” Ijest information deals with soil- 

the plants from that PO^'^P”’ understanding how nematocides act 
borne nematodes. As a basi must first discuss the biology of the 

and how nematocides are us . w 

nematodes themselves. „vPPntions are unable to complete tlieir 

Plant nematodes, witli few ^ ^higher plants. Their life cycles are 
life cycle except in the lairol and adult stages. Ail species, 

relatively simple and consist have been found to undergo one 

that have been *““8My t active stage found in the 

larval molt in the egg. so %77®econd stage larva. Tl.cre me 
soil or Within plant egg. These lars.! stages and 

ordinarily three larval stages 
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the adults are found m the soil m some species of plant p^asites whi 
other species only the second stage hrvac are found in tlic soil 
of differences m parasitic habit and certain specializations exlubitcQ y 
some groups of plant pathogenic nematodes it is desirable to c ass y 
them into a number of groups and consider each group separate y 


A Lctoparasites of Roots and Underground Parts of Plants 

The ectoparasitic nematodes arc clnractcrizcd by having all 
present m the soil around the roots of host plants These nemas ee 
upon plant cells by means of the stomatostylc or odontostyle depen 
on the particular parasite concerned Ordmanly Uic ectoparasites o 
underground parts of plants do not enter tlie roots They are a e 
move from one feeding site to another and they arc active ncmato es^ 
the larval and adult stages These nemas are also characterized y 


fact that they lay their eggs singly m the soil and the eggs are 


to be protected by any specialized structures other than the egg 
In considering control of ectoparasites of underground plant pst 
we can conclude that it is unlikely tint there will be present ui 
sod in the absence of a host largo numbers of eggs The majonty ^ 
the sod population will be adults and larvae So far as is knoOT tl^^ 
stages show no particular resistance to tho action of nematocides 1 


ectoparasites are regarded as easily killed by present day 
An exception is the stubby root nematode accordmg to Perry ( 

It has been reported by Todd and Furgeson (1956) tliat ethylene ' 
bromide is superior to D-D for control of tobacco stunt nematode ^ 
by Good and Parham (1957) that ethylene dibromide is more effectn 
agamst slmg nematode 

Ectoparasitic nemas should theoretically he easier to control ® 
endoparasites with postplantmg applications of nematocides 
they are not protected by plant tissues and because eggs deP“‘““ “ 
the sod are without specialized protective structures Included m 
group are nemas m the following genera Tnchodorus 
ync us Rotylenchus Helicotylenchus Belonolamus Doltcho o 
ip tjiema Longidoms Cnconetnoides Parattjlenchus Hemtcy 
phora and Criconema 


ides 


B Vagrant Endoparasites 

“1 tbis group are characterized by their endopar®® 

abitv to “ 1“'™! ”d adult stages retain *1 

at a^ 1 , ™ sod and roots Tile females and males do 

endopara^r sessile or saccate In some respects the va? 

enUoparasites are similar to die ectoparasitic group m that they are at 
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to leave the feedmg site In addition, eggs are deposited ^ 

the ectoparasites the vagrant endoparasitrc 

of their eggs within the host tissue Thus, it is possible for the ^dividual 
—del: Tpend its entire life span within the host and never be ex 
posed to the soil environment outside the host tissues ^ 

Tlie presence of endoparasitic nematodes wit n»niatocides to 

important imphcation with respect to the 
soil It IS well established that nematodes ui 
eorm, or tuber tissues 

t — r r^v:f 

quued It IS. therefore, extremely nuportant ore^co^^zej^^^^^ 

nematode mvolved and to undertake prep ^ higher 

the infested roots of previons crops have decomposed or to 

dosage rate PratuUnchm and Radophohs are the most 

Species m the genera Fratyl nemas m these 

commonly encountered j P ^„trol m ordmary field pre 

genera are frequently more ^1® “ jjnot nematodes 

plantmg treatments than the mfective vagrant endo 

Ihefe IS a marked ^ereni. “/^“^^J^^^I^^Uilostplantmg 
parasitic nematodes wi* on afforded the endoparasites 

applications of nematocides The p j,ni„,i(v nf securmg adequate 
by the host tissues adds mater^y J Vagrant endopara 

populaUon reductions It has ° ^oadily killed by postplantmg 

sitic forms that are outside root tis tissues ordinarily survive 

treatments but those mdividuals msi e p nematocide It 

treatment unless the root tissues are ^so ki^mo k nnd long 

IS thought that nematocides with relatively low phyt^ 

:ftoirnra:rariet:^^^ 

Tlie placement of several i.-Uit- from tliose nemas prcviousl> 

but they do differ m their p^asi c following sections These 

discussed as well as tliose i changes m their develop 

nemas undergo rather evtreme unable to move 

ment Tlie females become into host plant tissues Tlic 

site of feedmg after tliey have p pjeteiy penetrate into the los 

exposed sessile endoparasites , pa^ly mto the host witli le 

tissue The infective stage penetrates on y i 
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posterior portion of the body remaining outside the root Males of these 
species do not penetrate plant tissues 

In addition to tlieir sessile habit these nomas deposit tlieir eggs into 
a gelatinous matrix which serves as a protective device against drying 
and possibly affords some protection from parasitic and predaceous soil 
organisms It is also known that the gelatinous matrix affords some pro 
tection from the toxic action of ncmatocides However, unlike the nemas 
in the previous group the exposed sessile cndoparasitcs are not at any 
time completely protected by plant tissues, and are exposed to the toxic 
action of nematocides regardless of whether they are present on roots 
at the tune of treatment They are generally regarded as more susceptible 
to the action of nematocides than those nematodes tliat are completely 
protected by root tissues The major characteristic of this group is tlie 
presence of the gelatinous matrix and the production of a relatively large 
number of eggs At certam tunes most of tlie population of nemas in 
this group occur as eggs Unsatisfactory results may be obtamed under 
such conditions unless the nematocide used has high ovjcidal activity 
The two best known species m this group are the citrus nematode 
Tylenchulus semipenctrans Cobb, 1913, and the remform nematode, 
Rotylen^us reniformis Linford and Oliveira, 1940 Some reports m 
u postplantmg treatments of crops infested with these nema 
todes have been more successful than of crops infested with endo 
parasites that are completely embedded m root tissues Experimental 
results with such treatments on citrus mfested with citrus nematode have 
b^n promwmg usmg 1,2 dibromo 3 chloropropane Tins material and 
e y ene i romide have been used successfully as side dressmg treat 
ments on pineapple mfested with remform nematode In the latter case 
^ essing treatments are made at mtervals following planting 
crop on beds receivmg preplantmg treatments with D-D mixture 
or ethylene dibromide 


D Nonexposed Sessile Parasites 

In this group are included the root knot nematodes, Nacohhus 
^ecies, ^dDitylenchus radicicola (Greef, 1872), a pathogen on grasses 
e nema o es are characterized by complete penetration of the in- 
ec ive s age mto the host plant In many mstances the nematodes mature 
t!! wholly or partly embedded m plant tissue 

er cases, e g , root knot nematodes, the female is inside the plant 
issue M e eggs are deposited in a gelatmous matrix that is wholly 
r pM y ou si e the tissue Additionally, species m these genera cause 
^ o? TT ^ 'vhich completely or partially enclose the nema 

o e t ig ) n er ordinary circumstances control of these nematodes 
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IS directed against the infective stage or stages in the sod The second 
hterature indicates that when eggs and l^ae g * ^ ^gg 

'= ri“rtr.r: r:rs? 


Fig 



mutapla galls concluded that nema 

nicotine sulfate lim® sulfur, ^ difficult to lull It has been shown 

todes in egg masses f « ftat the presence “f 

by Taylor (1943) and Stark ( difficult problems 

roots containing egg masse , 

in controllmg root If f m tissue and eggs protected by 
The difficulties of killing nematodes is 

the gelatmous matrix app 
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attempted around tlie roots of living plants Tlic infective larvae m tlie 
soil are readily killed by the nematocide In most cases the soil popu 
lations build up to a high level withm a short time following treatment 
because of the numbers of nematodes escaping the action of tlie nemato 
cide Satisfactory control under such conditions has not been obtained 
with regularity m experimental plots Tlie nematocidal chemicals that 
are presently available for use around the roots of living plants are not 
satisfactory m all respects In order to control nematodes adequately by 
treatment of living perennial plants, it would be desirable to have a 
nonphytotoxic systemic nematocide or a nonphytotoxic nematocide 
having long persistence in the soil 

E Cyst-Formmg Nematodes 

The nematodes m this group belong to the genus Heterodera They 
differ markedly from the preceding groups in their biology because 
of the presence of tlie cyst stage The infective larvae completely 
penetrate into host roots, but as the body of the immature female en 
larges, it bursts from the root tissue, but remains attached to the feeding 
site by the head and neck Tlie female body becomes saclike and com- 
pletely filled with eggs at maturity The nematode then gradually changes 
color from thickening and tanning of the body wall, ceases to feed 
and may become detached from the root 

The female body filled with eggs is referred to as the cyst There are 
actu^ally two types of biologies within this genus Some Heterodera spp 
produce a gelatmous matrix into which the female deposits some eggs 
immediately upon reachmg maturity However, the majority of eggs 
Me retained within the body This type of biology is characteristic of 
H schachtn Schmidt, 1871, H cruciferae Franklm, 1945, H tnfoln 
Goffart 1932 and H glycines Ichmohe, 1952 The eggs that are deposited 

^ hatch withm a short time and the larvae are mfective In 

a o these species there may be several generations during the season 

IS IS the result, in part, of the hatching of eggs deposited in the 
gelatmous matrix and of eggs that hatch from the cyst during the same 
season they are produced 

In species of Heterodera the females do not produce a gelatinous 
matrix All of the eggs are retained withm the body These eggs 
or marl y o not hatch except m the presence of a hatching factor pro 
duced by the roots of certain plants This means that the major portion 
ot tlie soil population remains as eggs within the cyst except m the 
presence of plants producing the hatching factor H rostochtensis Woll , 
1923, tlie golden nematode of potato, is the best known example of 
this type of biology 
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Alien and KasKl (1950) r^orted^that ^ggs wl« 

H. schachtii are about as suscepUb ^ 

larval stages of root tarot L eggs nr 

larvae of H. rostoclnensis to be 8“ y „noulations of Heterodera 
cysts. However, satisfactory the 

spp. are mnch nrore t “Lh and Idaho satis- 

spp. Thorne and Jensen (194 ) obtained in most instances with 

factory control of H. schachtii can possrbly to 

25 gaLns of D-D mixtnre per acre I" ^^^ly obtLed. The 

other sorl factors. “"j^oult control problem wrth nemato- 

cyst-forming nematodes presen discrete colony of nematodes. An 

crdes because each cyst represents a ® f “ J^tooide fails to kill 

important reservoir of mfection remm contam several hundred 

the eggs within a single cyst sm^ ea y j jo reduce nematode 

eggs. Most large-scale 6eld moductfon of satisfactory yields 

populations to levels that ena enme extent responsible for the 

It appears that fy=t “ , btions except when dosage 

F. Nematode Vistribution in the Soil ^ 

One of the main 

todes is their distribution m the • . root zone of the 

most nematode infestations occur present in the soil requires 

particular crop. To tall all earned by water to 

treatment with nematocides tlw , j gje greater at depths of 

depths of several feet. Under such 

3 to 4 feet than at 1 to 2 feet FilUng most of the 

circumstances commercial co However, with perennial crops, 

nematodes in the top 3 trees it is frequently necess^ o 

e g., citrus, grapes, nematodes to a depth of at least 8 ee ^ 

treat with dosage rates that . - ty using large amounts o 

Kills at such deptli can be o nematocidal action, 

toxicant under proper con i frequently contain hving nema o 

The upper 2 or 3 inches nematocides such as 

following fumigation witl. ^ primarily due to *e rapid 

mixture and ethylene dib'om'd®. Th P from the surface lay^- 

fusion of these nematocides » “ ^ “ j joUial concentraUons m the sm 
This rapid loss prevents •>- “^7“® matodes at die surface Jtcr neat 
face layers. The presence of aje v n He'-''®^’ ‘^®f„ “ cod 

ment is not important '«* ““‘o q„arintmc regulations and m 
problem m nursery crops subject 
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ments designed to give the long protection required with the tree and 
vine crops Gas tight covers, water seals, high dosage rates, and split 
applications can be used if maximum kills are required Vapam has 
been reported by Baines et al (1957b) to be very efficient m killing all 
nematodes to depths of 5 or 6 feet when applied in water drenches 
The presence of compaction layers, plow soles, and large clods can 
protect nematodes under some circumstances Thome (1939) has shown 
that a plow sole restricts the downward dispersion of calcium cyanide 
applied for sugar beet nematode control 

VII Methods or Applying Soil Nematocides 

The fact tliat most successful nematocides are volatile liquids with 
relatively low boiling pomts and with few exceptions ratlier high vapor 
pressures has necessitated the development of special types of apphca 
tion equipment For the treatment of relatively small areas a number 
of kmds of hand applicators (Fig 4) have been devised 

A Pressure Applicators 

Many applicators operate on the principle of a displacement pump 
and are designed to deliver accurate dosage rates as well as different 
dosage rates depending on the length of the stroke Taylor (1939b) 
developed and was granted a public patent for such an applicator All 
subsequent applicators employ the same principle although numerous 
improvements have been devised Hand applicators are designed to 
deliver a measured amount of nematocide mto the soil at the injection 
site The depth of the injection is governed by the use of probes of 
varying length (Fig 4) The spacmg of the mjection sites may be varied 
dependmg on soil type dosage rate, volatility of the nematocide, etc 
In using hand applicators it is customary to mark the soil surface so as 
to properly space the injections Taylor (1939a) and Chitwood (1939) 
have described methods of determmmg the most efficient spacings for the 
injection of nematocides m single injection sites The method depends 
upon a knowledge of the effective lateral diffusion of the nematocide 
m a particu ar soil type This is determmed by a bioassay method m 
volving nematode kills obtamed at varymg distances from the injection 
pomt le entire procedure is aimed at securing the most economical 
dosage rate and spacmg for satisfactory nematode control 

n e treatment of large areas the prmciple of contmuous flow is 
employed raUier than injection of Uie nematocide at a smgle pomt 
Virtual y all of such equipment m use at the present time employs the 
prmciple of contmuous flow through a tube mounted on a chisel or 
shank Uiat is drasvn Uirough the soil by power equipment (Fig 5) 
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of two lengths are sho>vn ^ , . 

• 1 • ^.mnloved when carbon bisulfide is 

Essentially the same principle is applicator devised by 

applied to the furrow m front of “ and carbon bi- 

Neller and Allison (1935) lor j-c j crowers, equipment manu- 
sulBde into the soil has been nearly all presently used 

facturers, and commercial compani . , Neller and Allison (193o) 

appUcators are based on the same ^ the f-niigant md 

applied constant pressure spray orifices and U 

regulated the flow of include multiple shanU 

speed of the machme. Rcc 
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Fig 5 Chisel shanks for applying volatile soil fumigants in continuous injec- 
tion lines 



Fi(* 0 luiiiiguit applicator designed for treating experimental plots, shovimg 
ling roller, fuinigant containers, and staggered chisels, (Photograph by Bert Lear, 
Dipt of N'lmitologj. UiiiNcrsity of Cilifonua. Davis.) 

constant pressure supplied by gear pumps operating from a power take- 
off, or a ground wheel (Fig. 0) Dosage rates are regulated by pressure, 
size of orifice, and speed of Uic machine. Such equipment is usually 
mounted on a tractor capable of pulling as many as twelve or more 
shanks through the sod. Various refinements have been devised untd it 
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is now possible to accurately apply dosage rates as low as 4 to 6 gaUons 
per acre when the chisel points are spaced at 12 inches so that every 
square foot receives the desired dosage rate. 

B. Gravity Flow Applicators 

Numerous types of gravity flow applicators have been de™ed 
are ordinarily employed to treat small acreages smce they J 

trouble free and L obtained at relaUvely low cost. W Aow “m 
bined with a constant head in the fumigant 
metering of the fumigant. This principle is frequently 
nematoSdes are applied with a plow applicator In 
cide is allowed to flow into the furrow immediately ^ 

share. Such equipment can be used on both smgle and multiple bottom 

modification of the gravity flow 
tubing Is used in place of the ordinary valve ° 
possible to apply dosage rates as low as 0.5 ga on 
per acre. In *is case the rate of flow « f ^^'rThl 1 

capillary tube, its length, and the height o q apply 

of thiT^e of appUcator depends on a constant speed m order app y 

accurate dosages. 

C. Solid Carriers 

The effectiveness of “odem nemaWmdes when^imp^ 
solid carriers has been reportedly 

Sasser and Nushaum (IMMi- * , employed a fertilizer rig 

dibromide with vermiculite as a principle involved is 

for applying the impregnated p^'qtld'^appuLto^ that of 

essentially that used m tpeide to the required depth in the 

applying continuous Imes of Ih applications other *an 

soil. This method has no advantage . . fertilizer apphca- 

the possibility of using 1955 1956, and 1957 indicate 

tions. Field tests conducted in • _„ronfme impregnated on Attaclay 
that applications of dibromo- the liquid fumigant Greater 

were as effective as similar ^ difficulty of obtaining ac- 
cost per unit volume of nema y ^yjth the liquid applications, 

curate dosage rates compare distnhuting desired dosage rates o 

Equipment designed especial y presently available for large-scale 

nematocides on solid carriers j fumigants impregnated on so 

treatments. The packaging oi ^oUUlo Moreover, tlie 

carriers also adds to the exp 
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nematocide is rapidly lost if the containers are left open for any length 
of tune 

D Drenches 

The chemical and physical properties of several nematocides preclude 
their bemg injected into the soil These chemicals are characterized by 
having extremely low vapor pressures and by not diffusmg readily 
through the soil Some are relatively insoluble in water and must be 
applied as emulsions One currently used material, sodium N methyl 
dithiocarbamate (Vapam) is very soluble in water and is ordmarily ap 
plied as a water solution drenched into the soil Drenches containing 
ethylene dibromide, D-D mixture, allyl alcohol, and similar materials 
in emulsified form have been used under special circumstances to control 
nematodes m the surface, 2 to 3 mches of soil The use of nematocides 
whose movement in the soil is dependent upon water has been generally 
restricted to special uses such as preplantmg treatments for trees vines 
and nursery beds Their use may depend on the presence of pathogenic 
organisms such as fungi, although nematodes may also be present and 
controlled by the treatment 

E Over all and Strip Treatments 
Soil treatments may be applied over the whole of the area or in 
narrow strips where the row of crops will be Area, over all, or broadcast 
treatments involve treating tlie entire area to be planted The nematocide 
IS usually applied m continuous lines at the desired depth and spacing 
so as to effectively treat as much of tlie soil as possible Such apphcations 
may also be made by hand injections Conventional treatments are 
usually made by applying tlie volatile liquid nematocides to a depth of 
8 inches with 12 inch spacing of the chisel shanks For special problems 
the^deptli of application and the spacing may be varied Barnes et al 
(1957a) recommend a spacmg of 18 to 20 mches and a deptli of 10 to 14 
mches for preplantmg treatment of old citrus soil If, however, the soil 
conlams large amounts of clay tliese authors recommend a spacmg of 
12 to 15 mches These treatments mvolve the application of 50 to 240 
gallons of D-D mixture per acre, the amount used depending upon soil 
type and the deptli of tlie soil 

Row or strip treatments are designed to reduce or eliminate nematode 
populations in the immediate planting area Row treatments have been 
developed over a long period of time and for a variety of situations 
Tile treaUng of planting sites with carbon bisulfide for the control of 
Armillaria mcllca embodies tlie same prmciples Among tlie first and 
most widely used of tlie row or stnp treatments is tliat used m pme 
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apple fields in Hawaii Cliloropicnn was used in this manner prior to 
the discovery of D-D mn-ture The procedure in this case involved tlie 
mjection of chloropicrm into the immediate soil area upon which plants 
were to be grown The plantmg area was covered subsequent to injection 
of the chemical by specially treated paper to aid m retaining the fumi 
gant m the soil The area between beds was left untreated D-D mixture 
has been used m the same manner smce it became available The basic 
idea IS to provide protection for young plants for a period of time tha 
wiU allow them to become well established before they are subjected 
to attach by large populations of nematodes 

Tlie protection afforded by row or bed treatments is not equal to that 
obtained by area treatments, but row or bed treatments are frequently 
more economical m terms of net profit It is f ^ ” 

row or bed treatments to control nematodes on co b”’ ° 
melons, and similar crops Dosage rates are depen en up 
spacmg, soil type, the nematocide used, and the '“«P^“ny^of *e 
parhcular crop to nematode damage Generally row nematode 

employed when the marketable portion of *6 crop is ) 
attack; eg, carrots, Irish potato (Fig I) Row treatment are not em 
ployed to treat land that is to be used to grow perennial crops 

F Special Vrocedures 

There has been limited use of nematocides to 
spp Adults and larvae are usually found m “PPa “d 

This IS tlie area where most volatile nematocides are least eaective 
high dosage rates m addition to special f ™ 

adequate control which involves covering t e soi carried out by 

covers or using split treatments The latter 3 day 

applymg one half the dosage rate and *en p reported that 

interval and rnjectmg the ether haff X; <f/r!,X a'Lccessful 
a scraper attachment mounted in front of I P 

means of adequately treating the upper ,^ 4.5 jays the soil is 
nematocide is mjected and after an ti^e furrow 

plowed, at which time the scraper pus exposed to tlie 

The plow then covers the s^m " ressly for the purpose 

action of the nematocide This metlio ^ effective only 

of treatmg the upper layers of the soi /Kuhn 1857) and D 

agamst such nematodes as Ditylenclwus ip • ,j.ju, 

destructor (Thome, 1945) that are X" spec.es that are 

method has no appreciable advantage nematodes 

distributed to considerable depths in e soi , nematodes 

cyst nematodes, burrowmg nematode, ana 
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VIII Methods of Confining Soil Fumigants 

The effectiveness of volatile nematocides as a means of controlling 
nematodes m the soil is to a large extent dependent upon the retention 
of toxic concentrations of the vapors m tlie soil Certain of the physical 
properties of the soil e g , porosity* clay content, water content, com 
paction and organic content influence retention of the vapors If gas 
impervious covers or water seals are not used to insure the retention of 
toxic concentrations of the toxicant then the actual manipulations of the 
soil and its condition at and subsequent to treatment are extremely 
important Various devices have been used to smooth tlie surface of the 
soil followmg the injection of nematocides with chisel type applicators 



Fig 7 Early model fumigaat appbcator mounted on trailer pulled by tractor 
( Photograph by W H Lange University oE California Davis ) 

Harrowmg draggmg a chain heavy iron bar or wooden drag behmd 
the applicator tends to seal the soil surface resulting m better retention 
of toxic vapors (Fig 7) In most situations more effective retention 
seems to result if a ring roller or similar implement is pulled immediately 
after the apphcator (Fig 6) In addition to smoothmg tlie surface the 
rmg roller has tlie added advantage of compactmg the surface layer 
Consistently good results have been obtained m California usmg this 
method on experimental plots 

Water seals and gas impervious covers have been mentioned previ 
ously and their mam effect is to prevent rapid loss of tlie nematocide 
from tlie soil Polyctliylene covers are regularly employed when soil is 
treated witli methyl bromide They may also be used with chloropicrin 
when a high degree of control is desirable Similarly, water seals m 
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crease the effectiveness of chloropicrin. It has been observed m the field 
that rain immediately following injection of such materials as D-D mix- 
ture and ethylene dibromide results in longer retention of the gases 
with attendant increased control of nematodes. Phytotoxicity to subse- 
quent plantings has also been observed when the mterval t'ltiveen 
bating and planting was not increased to allow more time for the 
diffusion of the toxicant from the soil. 

IX. Treatment of Livinc Plants (Postplanting) 

The injection of volatile liquids into soil around 
plants has been attempted with a variety of materials. j 

ethylene dibromide are not satisfactory because they 3 

the presently used volatile liquid im^lo erbb 

chloropropane seems to possess low enough 

its use around the roots of living ptots at osage r increase in 

ddal. Lownsbery and Sher (1958) have ' f 4 “ 

growth of young walnut trees side-dresse wi nematocide. They 

trees were planted in soil previously trea e wi growing on 

indicate tha^t growth rates were not 

preplanting fumigated soils, but that ^ ^ nooulations. The use of 

ments increased growth and reduced Llablished plantmgs is 

this material for the purpose of f**®' jonie of the unsatis- 

still in the experimental stage. It is pr riatpd with attempts to 

factory results that have been obtained are f 

rejuvenate older plants that had some experiments using 

Satisfactory results have been and beans for 

dibromochloropropane to ®“^®'^^H"„CTer,^about an equal number of 
the control of root knot nemalo • situations where 

failures have also been ®”““"^j„^reases do not compare favorably 
increased yields have resulted, treatments with equal amounts 

with those obtained with prep cotton has been severely injured 

of the same material. In j^ents also resulted in lower yields 

by side-dressing treatments, e ^reas. 

than were obtained from .lorophenyl-e.o-dietiiylphosphorothi- 

The organic phosphate, > ^ satisfactory chemical fo 

oate, (V-C 13) has been «P“rted^“ “rirnarily as an emulsion and 
treatment of living plants. . j aq chemically stable m Uie so , 
drenched into the soil- It rep movement in the soil dcpcn on 

has a very low vapor 'Christie and Perry (1953) Iia« 

the mov^ent of tho water mdicate that it is an i^tromely 

discussed various aspects o * hvmg plants. V-C 13 app 

promising material for use 
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drench is reported to improve the growth of turf by controlling associated 
pathogenic nematodes 

Tarjan (1954, 1955) has reported that aqueous emulsions of 3 p 
chlorophenyl 5 methyl rhodamne completely control root knot nematode 
mfections when applied to potted tomato plants He reported that the 
chemical reduces nematode populations m the soil around the roots of 
strawberry plants when it is mixed m the dry form with the soil 

X Physical Factors Influencing the Efficiency of Nematocides 
The soil is the greatest barner to the successful use of nematoades 
Over a period of years, a large body of evidence accumulated indicates 
that the success of conventional fumigation treatments is largely gov 
erned by the soil to which they are applied It is also recognized tliat 
little can be done to change those characteristics of soils that are un 
favorable to the effective use of nematocides The amount of clay and/or 
the amount of organic matter are the limiting factors that are fairly well 
fixed and the difficulties inherent m their presence respond only slightly 
to any practice that can be reasonably carried out m the field 

It IS unfortunate from the practical aspects of killing nematodes, under 
field conditions that most of the precise studies on the characteristics 
of soils that mhibit the diffusion of gases have been made on dry sod 
However, there can be no doubt that some of the soil factors discussed 
m the followmg sections are operative, although in several instances 
experimental evidence is lacking or mcomplete concerning the mecha 
nisms tliat influence or restrict diffusion 

A Sandy Sods 

Sandy sods and sandy loam soils have relatively low organic and 
clay contents and are representative of soils m which volatile nematocides 
as well as other types of nematocides are most effective m controlhng 
nematodes The effectiveness of volatile nematocides in these sods is 
directly attributable to the relabvely unrestricted diffusion of the toxic 
vapors It IS known from the work of Hagan (1941), Call (1957), Wade 
( 1954 1955) , and Stark ( 1948) that carbon bisulfide, etliylene dibromide, 
and chloropicrin are highly sorbed when they are m contact witli dry 
sod Hagan ( 1941) has mdicated that soil moisture is the most important 
factor limiting diffusion Call (1957) and Wade (1955) have shown tliat 
ethylene dibromide sorbed by dry soil can be released by the addition 
of moisture It, therefore, follows that moisture must be present in order 
to prevent the excessive sorption that takes place m dry sod Lear (1956) 
has shown that Vapain applied as a concentrate solution to surface sod 
is rctamed m tlic surface of wet soil and is earned out of the surface of 
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dry soil by addition of water. Most consistent results are obtained by 
applying the complete treatment as a drench , r.. i. 

In the field, volatile nematoeides are applied to moist soils It has 
been observed that tliese nematoades are most effective when they are 
applied to sandy loam soils that are at or near their mo^ture holding 
capacity We must, therefore, assume that effective treatmen 
so* requires a halanee between water content and pore space that 
enables the gaseous phase of the nematocide to diffuse and rea^ o 
concentrations tliroughout the soil It is further assumed that tte toxic 
vapors go mto solution in the water phase and nematodes are hilled by 
contact with water solutions 

B Clay Sods and Organic Sods 

There are no precise data to indicate the exact clay or organic con- 
tent or^rsoil tLt will restrict diffusion to 

control IS not obtamed If we assume as ( , , , „(jsorplion of 

have mdicated for ethylene dibromide tha wa causes for poor 

this material on soil particles, we must looh for o*er 
diffusion of the gaseous phase of volatile nema varymg 

Table I, the volatUe nematoeides are j 0 43 gm per 

from 0 09 gm per 100 ml of water for methyl bromide to 0 «grn p^^ 
100 ml of water for ethylene dibromide If a ^ area 

of 20 gallons per acre of D-D mature is “PP ' 4 gy mi of 

treatment, each cubic foot of sod sufficient water m each 

the nematocide Under field condiUons ‘’’“V.ni nT D-D mixture (sol 
cubic foot of soil to dissolve the lively that m clay and 

0 27 gm per 100 ml of water) app pcdintr 25% large amounts of 
organic sods, having field dSolved m the water surroundmg 

the gaseous phase of the thus restrictmg the degree and 

sod parUcles at the point of J ’ „£ smaller pore spaces m 

speed of diffusion In addition, P father decreases the size 

clay sods and the fact that “‘3»*e‘ljater^ 

of the pores leads one to the c because of the restrictions on 

fully treated with volatile m thS^soils It is highly probable 

movement imposed by water pr different types of clays and m 

that other factors are operative in , ^.^md by factors that are not 

organic sods where the j„d Youngson (1957) have shown 

well understood at present GoMg by the addition of 

that diffusion of ethylene different materials have different 

organic material to sandy sod and that ui 

effects ^ „ds. poor or limited diffusion can bo 

In treatmg clay and org 
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overcome to some extent by the application of higher dosage rates 
However, there are economic limitations that sometimes make it im 
practical to apply dosage rates that are effective This is clearly the case 
with sugar beet nematode m clay soils (moisture holdmg capacity 20% 
or above) and m highly organic soils as shown by Allen and Raski 
(1950) Similarly, the change m dosage rate tliat is required for various 
types of soil is mdicated by the recommendation of Baines et al (1957a) 
of 60 gallons per acre of D-D mixture as a preplantmg treatment to con 
trol citrus nematode on sandy soil and 250 gallons per acre to achieve 
comparable kills m clay soils 

C Moisture 

As mdicated m the precedmg section it is impossible to discuss soil 
type without reference to moisture unless dry soils are bemg considered 
However, the practical use of volatile nematocides never involves com 
pletely dry soils We must therefore, consider the conditions of moisture 
that are generally thought to be most advantageous for the use of 
volatile nematocides It is obviously not possible to have precise data 
for every soil type encountered m the field In sandy and sandy loam 
soils (moisture equivalent 5 to 12%), best results are obtamed when 
treatments are made at or near field capacity Soils with high clay con 
tent cannot be cultivated when at field capacity and it is necessary that 
these soils be treated at a time when they are below their field ca 
pacity It IS recommended that these soils should be treated when 
they are m suitable condition for cultural operations and in seed bed 
condition so far as tilth is concerned Van den Brande et al (1954) 
have mdicated that adequate soil moisture must be present m order to 
effectively reduce Heterodera roslochiensis populations Practically no 
data are available to make possible a comparison between dry and wet 
soils There can be no doubt that reasonable soil moisture is desirable 
but it IS not known whether soils with high clay content could be treated 
successfully if moisture content is near tlie wilting pomt It is likely that 
the phenomenon of adsorption by soil particles becomes operative if tlie 
moisture content is reduced below this level 

D Temperature 

Tlie proper temperature for the application of nematocides i5 o 
controversial subject probably because no single investigation has been 
undertaken that includes factors that are operative under field con 
ditions McClellan et al (1949) have shown that such materials as 
chloropicrm, D-D mL\ture, and ethylene dibromide are more effective 
at S3 to 95“ r tlian at low er temperatures However, these experiments 
do not have appUcation to field situations smee tlie contamers prevented 
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escape of the nematocide. Furthermore, the length of the exposure period 
was very short so tnat at lower temperature not only would one expect 
slower diEusion, but also the activity of the nematodes would e 
reduced. Although laboratory data may indicate 
activity at higher temperatures, there is also more rapi i sio 
the soil into the atmosphere. nf 

Successful nematode control has been obtained by the 
some nematocides to field soils at temperatures as ow as there 

8 inch dep*. It appears tliat if all other conditions are 
is oonsidemble latitude in the temperature requnements 
This is a fortunate circumstance since 
necessity be applied in spring and fall at temperatares 
times lower Ln those recommended on the ^ 

periments. Van den Brande of al. (1954) have shov™ that treatments 
made at 36 5° F. are as effective as those made at ’ ^ g 

Although diflfusion may be restricted ^ , mritrol is obtained, 

from the soil is likewise restricted so that satis “ necessarily longer 
but the period of time to achieve such ;^^,’7,77Lomide 

Goring and Youngson ( 7, .Lrindicate that the nematocide 
does not diffuse in soil at 50° F. but they ““cate war u 
remains in the soil and kills as the temperature rises. 


E. Preparation of the Soil 

Aside from adjusting soil '!’‘’‘**"re W^^^P^'^the^oLditions of the 
tor favorable temperatures. >77°nn and resdtant HU of nematodes is 
SOU by cultural operations, "^7”. Ab-ce of large clods, 
enhanced when the soil is m a f conditions conducive to 

compaction, and rough surface fumigants. Undecomposed 

obtaming maximum efficiency o ^ contain nematodes or 

crop residues regardless of w ® residues tend to collect upon the 

nematode eggs are detrimenta rough, which in turn exposes 

chisels and to make the surface ® the atmosphere. Stems or 

more soil surface and „£ the soil act as chimneys for the 

roots that protrude from the surt Excellent results with the 

escape of the gaseous phase o obtained when tlie soil is proper y 

volatile soil fumigants are large clods, the surface smooth, 

prepared and is free of crop r jevel. 

and tlie moisture content is n 

F, posttreatramt applicaUon of 

Atmospheric conditions “'-^'^^Vlant in 
volatile soil fumigants Immediotdy foUowmg treat 

effectiveness of a nematocidal treatm ^ 
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ment the soil surface should be smoothed to fill any channels that may 
be left by the chisels as they are pulled tlirough the soil It is preferable 
to pull a ring roller (Fig 6) behind the fumigant applicator Although 
vvmd and temperatures following treatment cannot be controlled, it is 
important that the soil mass should remam undisturbed for a period 
of tune following fumigation Any disturbance of the soil surface is apt 
to increase difEusion from the soil 

If ram immediately follows treatment it will tend to seal the soil 
surface and increase the efficiency of the treatment If highly phyto 
toxic materials such as D-D mixture and similar materials are used 
and ram follows the treatment there is a possibility that retention of the 
toxicant may result in phytotoxicity if planting follows at the recom 
mended interval Under such conditions the mterval between treatment 
and planting should be extended This is extremely important where 
recommended intervals are based on mmimum times under optimum 
conditions 


XI The Mode of Action of Nematocides 
Practically no mformation is available concerning the mode of action 
of any nematocide Nearly all of these chemicals are biocides and do not 
show enough specificity to mdicate a mode of action that would be 
peculiar to nematodes It is assumed that smce the phosphate msecti 
cides are toxic to nematodes these materials act upon the nervous 
system and the enzyme cholinesterase It has been suggested by Chit 
wood and Chitwood (1950) that effective nematocides must be materials 
that change the permeability of the cuticle and should also be soluble 
m or dissolved by fat solvents However there are little or no data 
available to support the necessity of penetration through the cuticle 
It IS easily observed when nematodes are exposed to water solutions of 
vital stains that penetration is most rapid through the oral opening 
phasmids vulva and anus There is no reason to assume that most 
nematocidal chemicals do not enter the body of the nematode through 
these avenues as well as through the cuticle It is reasonable to assume 
that chemicals that are ovicidal must penetrate through the egg shell 
m order to be effective Ethylene dibromide which is not as ovicidal as 
D-D mixture or chloropicrin does not kill as rapidly as the latter ma 
tenals This might indicate that penetration through the cuticle or the 
egg shell is not as rapid with ethylene dibromide as with the other 
materials Data are not available concerning the ovicidal properties of 
1 2 dibromo 3 chloropropane but since it does not kill larvae of root 
knot nematode as rapidly as ethylene dibromide it can be assumed that 
tlus nematocide might also have rather poor ovicidal properties 
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The gelatinous matrix produced by root knot nematodes, citrus nema 
tode, remfotm nematode, and some cyst nematodes protects egp from 
nematocidal action This has been shown when treatment's of livmg 
toots are attempted It has been menboned previously that the cyst wa 
does not afford an effective barrier to some nematocides and failure 
conbol Heterodera spp is probably not due to tins factor 
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to avirulent strams of, 449 
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Black rot mfcction, effect of temperature 
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as barrier to, 220 

Blackstonia perfoUata, effect of humiditv 
on infection by Pcroiiosporo 
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Blast disease, resistance of nee to, 219 
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sexual reproduction m, 140 
zoospore morphology, 129 
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effect on spore germination, 191 
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Bremia, germination of sporangia of, 132 
oospore resistance to environment, 142 
Bremia lactucae, effect of humidity on 
conidia development 159 
Bridgmg host theory, of adaptive para 
sitism, 391, 392 

Bromobenzene, detoxification, role of 
cysteme, 536 

S-Bromouracil, effect on thymine requir- 
ing Escherichia colt, 564 
Bromus spp , host passage effect on m- 
fection, 391 

Brovvn root rot of tobacco, disease com 
plex with the meadow nematode, 
613 

Bryophytes, symbiotic relations with 
fimgi, 293 

Buddmg, multiplication m yeasts, 125 
Bullerta, epiphyte on plants, 127 
Bunt, Ttlletia tritici, pathogenesis and 
nutritional development in host, 32 
Butyl mercury iodide, effect on mitohc 
spmdle formation, 541 
5-Butylcnepicolinic acid, dehydrofusaric 
acid, production by Fusanum, 324 
5-Butylpicolinic acid, fusanc acid, slmc 
ture of, 324 

Butyric acid, effect on spore germination 
Vrocijstts tritici, 279 

C 

Cabbage plants, effect of black wabut 
root secretions on 20 
Cabbage >cIlows, Fusanum oxtjsporum f 
coiigbtinani, types of host resist 
ance, 286 

Cadmium ions, accumulation by snores 
509 / I • 

Caianiis cajan, rhizospherc of wit sus- 
ccptiblo variety, 289 
\ oscular wilt caused by Fusarium 
udum, 277 

Calcium, in cotton tissues, wilt mfcction 
28-1. 327 


role m cell division, 52 
Calcium-potassium balance, effect on 
galls, 51 

Plasmodtophora brassicae mfection, 33 
Calcium hypochlorite, oxidizing abibty 
correlated with toxicity, 578, 579 
toxicity of, 571 

Calcium nitrate, effect on tobacco mosaic 
virus, 480 

Calcium sequestermg agents, role m 
maceration of cells, 254 
Candida, production of blastospores, 133 
Candida albicans, manan protem com- 
plex in cell walls, 512 
Cankers, effect of nitrogen fertilization 
on, 50 

Captan, antimetabolic activity, 525 
competition with cocarboxylase, 526 
effect on enzymes, 529 

on pyruvic acid accumulation m 
Fusanum roseum, 526 
of thiamine pjrophosphate on, 526 
on yeast with cobalt pretreatment, 
555 

inhibition of yeast carboxylase in vitro, 
528 

interaction with cysteme, 555, 589 
mode of action of toxicity, 526 
phyiotoxicity of, 528 
reaction with sulfyhydryl groups, 536, 
559 

theories of action, 588, 589 
N-(trichloromethylthio)-4 cyclohex- 
ene-l,2-dicarboximide, structure 
and toxicity, 528, 529, 559, 586, 
587, 588 

Carbohydrases, m spores, mactivation by 
toxicants, 516 

Carbohydrate content, cotton, wilt le- 
sistant plants, 333 
Carbohydrate nitrogen balance, root 

hairs, iniluencc on mvasion by 
nodule bacteria, 301 

Carbohjdrates, cotton roots, role m le* 
sistance to Ozonium omntvorurn 
invasion, 26 

Carbon, spore germination requirement 
for, 177 

Carbon bisulfide, as ncmalocide, 606 
phototoxicity of, 600 
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nee seed treatment, 615 
Chlorophyll, photodynamic action of, 188 
Chloropicrm, nematocidal properties, 
effect of temperature, 632 
as nematocide, 606 
sorption by soil, 630 
Chloroplast suspensions, effect on infec 
tivity of tobacco mosaic virus, 494 
Chlorosis, cherry leaf spot, Cocconujces 
hiemalis, 29 

N Chlorosuccinimide, germicidal action, 

590 

mechanism of action, 592 
Chlortetracycline, resistance of Bschcr- 
tchia coh to, 523 

Choanephora^ conidia formation by, 13- 
Choancp/iorfl cucurbitarutn, effect of hu- 
midity on sporangia, 160 
effect of temperature on size of spor- 
angia, 159 

Choline, inactivation by nitrogen mus- 
tards, 540 

Cholinesterase, effect of organic phos- 
phorus insecticides on, 534 
Chromatography, 65 
Chromosomes, structural changes by 
fungicide action, 539 
Chr)santhemum, AphclencJiotdcs r*< 
zema bosi as cndoparasitc, 61 
VcrtictlUum from, sectors m culture 

383 , 

Cluysmthcmuras, use of sodium seen 
on fohar nematodes, 615 
C/ii/fridium caconcidcs, parasitic on 
concia pcdicularis, production 
zoospores, 130 

Chytnds, zoospore inorpholog). 

Ciccf arktinum, resistance to J 
sphacTclla rabci, 235 
Citrate, effect on Rotliamstci to 
necrosis \irus, 19o 
Citric acid, in root exudates, - ** 

Citric acid metabolism, m nist “ 

Citrus, eradication of XanlbomoiuU 


57 

tristeza disease of, sjTnptoms 


Citrus mclanose, sasclHng 
accompanviiig imasion. 


of. 307 

of hoa cell* 


Citrus nematode, control m sandy soil, 
632 

Tqlenchulus semtpenetrans, 618 
Chdosportum, positive hydrotropism m, 

Ctadospormm fulvum, conidiophores of, 

136 

effect of humidity on, 159, 228 
effect of solanme m tomato on spore 
germination, 246 
mutation for virulence 412, 45U 
relations svith host, Lycopersicon es 

ctilcnium, 411 

Chdospon^m herbar,m. comdiophorcs 

Clastt'o^jmnum c^rpopMum penetra- 
tion of almond leaves, 238 
rkvaem poisoning of enzymes b), -oS 
'"Xtmn by Ank.Hmn. and dsper- 

gtllus, 258 r 1 KO 

Ciowm cncrca. fnnl body of, 15. 

Ciowceps purpurea, Mosp 

fertile stromata of, Hn. to' 
JcTo! ■■honeydovv" on spore gcr- 
minaUon, 102 

CIcisSl’Trps Eos'pbalot. ' 

Climate. p " "^^on of catract on 

Clover leaf boppe ,„[„,ie„, 401 

ciov^P-tpr- 

-ClovTs"" 

Clovr«n™J tnmor vims, pbovliboni. 

t. al.I.'V 

pu4cn o.u 


ilO 
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degradation of cellulases, 251 

by germinating spores, Pucctnta 
graminis f tritici, 242 
of, importance m mvadmg cells, 
252, 253 

insoluble, degradation by Myrothe- 
cmm verrucaria, 252 
in primary and secondary cell walls, 
206 

Ceratocystis, penthecium morphology, 
148 

Ceratocystis jagacearum, oak wilt, insect- 
borne, 28 

symptoms in host, 337 
role of toxins m oak wilt, 337 
role of tyloses m resistance to, 224 
water requirement for spore germina 
tion, 184 

Ceratocystis ulmt, polysaccharide produc- 
tion by, 330 

toxic factors in culture filtrates 336 
wilt of elm, msect-bome, 28 
Cercospora, breeding for resistance to, 55 
conidiophores of, 136 
Cercospora musac, sporuhtme variants 
of, 370 

CcrcosporcUa, conidiophores of, 136 
Cereal rusts, dikaryotic nature of uredo- 
sporcs, 138 

Cereal smuts, genic control of resistance 
to, 56 

hjbndization in, 423 
Cereals, virulence of hybrids between 
specialized forms on, 435 
Cerium, uptake by Aspergillus ntger 
spores, 557 

Cenum ions, accumulation by snores 
509 ^ I • 

Ccl>lammoacctic acid, noniomc surfac- 
tant, 573 

Cct>Ip>Tidinium chloride, caUonic sur- 
factant, 573 

Ctt)llnmclli)lamniomuin bromide, effect 
on bacteria, 574 

Cliactomlum, pcnthccluin morpholoffy 
143 

Chalara qucrctna, see Ccraioctjstls fa. 
gaccarum 


Charcoal, in rootmg medium, effect on 
clover nodule formation, 301 
Chelates, properties of, 566 
structure of, 565 

Chelation, metalhc properties in, 566 
products of host-pathogen mteraction, 
307 

8 qumolmols, relation to toxic action, 
515 

relation to toxicity, 556, 560, 586 
as toxic mechanism, 565, 566 
Chelators, toxins as, 258 
Chemotropism, m fungi, 205 
Chestnut blight, effect on United States 
chestnut trees, 42 
Endothta parasitica, 323 
Chilling effect on spore germination, 
rust and smut fungi, 171 
Chinese cabbage, mactivation of turnip 
yellow mosaic virus m, 467, 468 
Chitin, cell wall component, 511, 512 
Chlamydospore formation, effect of nu 
tritional conditions on, 127 
Chlamydospores, formation by Nocar- 
dia, 124 

production m Taphrmales, 145 
Chloramme-T, mechanism of action, 
592 

Chloramphenicol, antagonism of penicil- 
Im, 534 

ChloramI, effect on oxygen consumption 
by fungal contdia, 528 
l,4-tctrachloroben2oqumone, seed pro- 
tectant, 590 

Chlorella vulgaris, effect of selenate on, 
524 

lohibibon by wildfire toxm, 339, 340, 
341 

Chlorenchyma, m wheat, as barrier for 
black stem rust, 220 
0 Chloro 8-alkylphenols, toxicity of, 591 
Chlorogenic acid, effect on plriculann 
inhibition, 323 

role in potato resistance to Streplo. 
myces scabies, 245, 304 
Chloromctliyllhiocarbazolc, stabihty, re- 
lation to toxicity, 559 
3-p-Chlorophenyl-5-mcthyl rbodanlne, 
control of root knot nematode on 
tomatoes, 630 
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Corynebactenum nisidiosum, resistance 
to, 225 

Corynebactenum michtganense, action of 
mutagens on, 410 

from tomato seed, effect of acid on, 
571 

virulence in hosts, 39 
Cotton, black arm disease, Bacterium 
malvacearum, 121 

lomc absorption in diploids and tetra- 
ploids, 284 

Cotton fibers, damage by fungi, 252 
Cotton plants, biochemical relations m 
resistance to wilt, 333 
Cotton root rot, survival of Phymato- 
trichum m soil, 128 

Cotton roots, role of carbohydrates m 
resistance to Ozontum ommvorum. 


28 

Cotton wilt, effect of organic nitrogen m 
soil, 288 

Pusartum vasinfectum, 275 
P Coumaric acid, secretion by sugar beet, 
20 

Coumann, in uredospores, Puccmta 
gramtms tnUct, 193 

Covalent bond, irreversible combinations 
With toxicants, 559 

Cowpea mosaic virus, ammo acids in, 76 
Cresol derivatives, wood preservatives, 
591 

Cnconema, ectoparasitic nematode, 616 
Cnconemofde^, ectoparasitic nematode, 
616 

Croft Lly, Aphelenchoides ntzema bosi as 
^ndoparasite, 614 

rotation, m suppressing pathogens, 
yield, effect of use of nematocides, 

603 

Crotalaria juncea, rhizosphere of, 290 
Crown gall, tumor formation by, 344 
Crown rust, hypersensitive reacUon of 
Avena byzanttna to, 341 
Crucifer nutrition, Plasmodtophora bras- 


«icac infection, 33 
r>stal formation, by viruses, 73 
Ostalloids, passage through cuticle, 

21S 


Crystal violet, effect on virus tumors 
from Rumex acetosa, 485 
Cucumber mosaic virus, action of sap on, 

494 , . 

effect of S-azaguanine on multiplica- 
tion of, 106 

drying on infectivity of, 475 

mechanical tiansnussion ot, 
resistance to heat, 467 
seasonal variation in French bean. 95 
,n spinach, effect of nutrients on vims 
concentration, 96 

m tobacco, effect of temperature on 
lesions, 99 

Cuciimber vnus 3, nbonueleio acid con- 
stituUon of, 77 , T 

Cucumber wilt. Eru.m,a trache, fhh. m- 

C„l.rtr;s,'from single spore cul- 
conidta foimalion by, 

Cupnfmofc tosicity of. 576 
Cupric oxuiate, toxicity o , 

?„fi;rmXVoTbl«,pWoem 

7 

T Feet on iVeiimspo™i 
Cyanide, eruride. 333 

Cyeirx^»u|o.oo..b.ot.o. 

^ mode of action, 53. 

dosage-response slope, 

duease com- 

.S!cco iiiosaie smis 

“'"''SiaL g'e'"‘0“'i 
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Cobalt, antagonism by cysteme and 
glutathione, 542 

effect on gro\vth habit m j easts. 543 
Cobalt pretreatment, jeast, effect on 
action o£ captan, 55o 
Cocarboxylase, competition with captan, 
526 

Coccomyces hiemalis, producbon of ab- 
scission mducmg substances, 29 
production of self-inhibitory sub- 
stances, 192 

temperature and spore germmation, 

181 

Cocconeu pedicularis, stages m zoospore 
formation of parasite of, 130 
Cochhobolm, production by 
sporium oryzae, 320 

Coenzyme A, reaction of dichlone with, 
in vitro, 523 

Colchicme, effect on mitotic spindle 
formation, 541 

Colesponaceae, uredospore formation, 

133 

CoUema, p)cnidia of, 150 
Collema spp , ascogomum of, 145 
Colletotrichum, breeding for resistance 
to. 55 

CoUetotrichum circtnans, effect of proto- 
catechuic acid on, 228, 235 
host range, 240 
limited infection. Allium, 278 
Colletotrichum gloeosporiotdes, germi 
natmg spores on orange leaves, 239 
Colletotrichum lindemuthianum, mfec 
tion by, 210, 213 

Colletotrichum phomoides, fonnafaon of 
appressona, effect of nutrients, 236 
CoUetotrichum, spp, physiological races 
30 

Columella, development m sporangia 
131 

Commensalism, 10, 63 273 
Comdia, effect of nuclear number on 
genetic variability, 169 
of higher fimgi, 131 
methods of formation, 123, 135 
Comdia \era, production from hypbae, 
133 

Conidiophores, gro\\th through stnmnf;,, 
158 


Comophora cerebeUa, dikaiyotic state m 
basidiospores, 151 

Contmuous flow application, nemato- 
cides, 622 

Copper, accumulation by fungal comdia, 
from fungicides, 509 
chelate complex of lycomarasmm with, 
329 

effect on fungitoxicity of oxme, 586 
effect on DPN oxidase of Uonihnui 
laxa, 565 

tolerance of fungi to, 394, 538 
Copper oxalate, formation by wood- 

destroymg fungi from copper fungi- 
cides, 537 

Copper oude, toxiaty of, relation to 
solubility, 555 

Copper oxmate, fungitoxicity of, 566, 
567, 586 

Copper systems, oxidant action of, 57 
Copper toxicity, effect of ammo acids on, 
536 

effect of sulfhydiyl compounds on, 

576 

to fungus spores, 177, 516, 576 
Coprinus, optimum temperature, spore 
germination, 181 

Coprinus lagopus, conjugation of hypnae, 
151 

Coprinus, sp , development of holo- 
basidium, 152 

Coproporpbyrm, m root nodules, 29 
Coremia, from mtertwmed conidiophores, 

138 

Cork barriers, formation of, 262 
Corn smut, Ustilago zeae, physiology o > 
31, 32 

Com smuts, hybridization in, 423 
Cortex, dismtegration m brown rot, 
Solanaceae, 275 

Corftcium tenestre, dikaryotic state m 
basidiospores, 151 

Corticium vellereum, hyphal fusions, ef- 
fect of medium, 369 
Cortinarius, thiamine deficiency m, 29 
Corynebacterium fascians, association 
with Aphelenchotdes ntzema host, 
613 

host range, 278 
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rynebactcTtum resistance 

to, 223 . 

ryncfcactcrium michiganensc, action o 
mutagens on, 410 

from tomato seed, effect of acid on, 

571 

virulence m hosts, 39 
Dtton, black arm disease. Bacterium 
malvaccarum, 121 

ionic absorption m diploids and tetra 
ploids, 284 

lotton fibers, damage by fungi, 252 
lotton plants, biochemical relations in 
resistance to wilt, 333 
Cotton root rot, survival of Fhijmato 
trichum in soil, 128 

-otton roots, role of carbohydrates m 
resistance to Ozomum omntoorum, 
26 

Cotton wilt, effect of organic nitrogen m 
soil, 288 

Fusormm vasmfectum, 275 
p Coumarie acid, secretion by sugar e , 
20 

Coumann, in uredospores, Puccinia 
gramints trUici, 193 

Covalent bond, irreversible combination 

with toxicants, 559 __ 

Cowpea mosaic virus, ammo acids m, 
Cresol derivatives, wood preservatives, 

591 g 

Cnconema, ectoparasitic nematode, 
Criconemotdes, ectoparasitic nemat e, 
616 

Cmft hly, Aphelenchoides ntzema host as 

endoparasite, 614 

Crop rotation, in suppressing pathogen 

58 , ^ 

Crop yield, effect of use of nematom 

605 

Crofatana ]uncea, rhizosphere of, 290 
Crown gall, tumor formation by, 54 
Crown rust, hypersensitive reaction o 
Aueno hxjzanUna to, 341 
Crucifer nutrition, Plasmodiopbora ^ 
stcae infection, 33 
Crystal formation, by viruses, 73 
Crystalloids, passage through cutic e, 
218 


Crystal wiet, etfect on vmis tumors 
from Rumex acetosa, 485 
Cucumber mosaic vuus, action of sap on, 

clltd of 8 azaguanmo on multipUca- 
tion of, 106 

drymg on mfectivity of 47S 
mechanical transmission of, 492 
resistmcc to heat, 46 , n „ qt; 

sS^nal variation m French bean, 95 

m^maeh, effect of nutrients on vnus 

,„"efat of temperature on 
Cucuml.e;“vtiflr.bon„ele.c acid con 

CnltS'vZnMrom single spore eul- 

237 240 

Cuticle ^“,ds through 218 

passage of 239 

c;r;::t.mg“ivih.esph^ 

2^ \r^,,rosvoTa, accumula 

Cyaa,de.e^^ 

Cyeta^. -hi?' 

^ mode of action 532 
dosage response s opa 
effect on nuto“S 1 jgy 

species specificity, y ejnochondna, 

CveVorase system, m m 

^ tomato disease cora- 

Cylmdnieorpon jadic^e^matode, gig 
pier vn* Xs.s.on, 542 

Cysteme, 'S"' of fungiodes, 530, 

effect on 

5S6, 5oo, 5by 


=^■^’.^000 mosaic Mnu m 

“■'“"Sliglo.mosa.^SO 
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m root excretions, 292 
C> Stine, in root exudate from Gosstjptum 
htrsutum, 292 

m wilt resistant plants, 284, 328 
Cytoclirome c, from heart muscle, 523 
Cjtoclirome c oxidase, Momllnia laxa, ef- 
fect of 0 phcnylphenol, 565 
Cytochrome oxidase, mitochondna, m- 
hibition by toxins, 259, 285 
Cytochrome oxidase system, role m oxi- 
dation of sodium diethyldithiocarba- 
mate, 535 

Cy lochrome pigments, m fungi, 522 
Cytoplasm, in anastomosis, 380 

host cell, susceptibility to fungal me- 
tabolites, 243 

surface, interference by toxicanb wiUi 
activities of, 518 
Cytosine, as nucleic acid base, 78 
Cytospora, pycnidia morphology, 138 
Cytosporina ludibunda, on apple, effect 
of host nitrogen nutrition, 49 
Cytospora sp, penetration of gum ma 
tonal, 224 

Cvtovmn, action on virus infections, 491 
D 

Uflcri/omi/cn, morphology of fruit body, 
15-1 

Daciyomycctilcs basidla morphology, 
153 

DactylLs glatmrata infection by Plas 
inodiopJiora huisucac, 278 
Daffodils control of stem md bulb 
iKiiutodc, 015 

Pangcurdia inaiiwidUita, on Eudortna 
cUgaiis, hittrogamy of, 139 
Dimcl grass fungus, effect of host on 
sixiro production, 157 
Du/nra stninioiiiKiii, effect on spore gtr- 
inuutiun of S;iongoj;x»ra subtir- 
raiHij, 279 

Divllght ridtition influence ori giowth 
of invcxinhlul infection, bccch, 290 
D D mature, 1 3 dichloropropcnc-l^i’ 
dichIori>-prupanc niUture, nenutu- 
tide, GOT. W.13. 021 
nei latixliUl prDj>ctti«s. rffeet of tcni- 
jvraturr, 032 


Decarboxylation of pyruvate, inhibiUon 
by bisulfite, 560 

Deficiency, nutrient, as manunate path- 
ogen, 5 

Deficiency symptoms, nematode infested 
plants, 611 

Defobation, by abscission-inducmg sub- 
stances, 29 

Deiiydration, spores, effect of tempera- 
ture on, 174 

Dchydrofusaric acid, 5 -butylenepicohnic 
acid, production by Fusarium, 324, 
325 

Deoxyribonuclease, acbon on virus prep- 
arations, 79, 490 

effect on bacterial protoplasts, 514 
Deoxyribonucleates, pneumococcal, effect 
on colony morphology, 390 
DeoxyTibonucleic acid, m bacterial vi- 
ruses, 75, 78, 85 

role m transmission of Imnor-induclng 
abihty, 449 

as transforming principle, bacteria, 440 
Dcoxynbonucleoprotcin, ratio to cyto- 
plasm m mullinuclcate spores, 169 
Dtpolymcrase, production by patliogcns, 
303 

Desiccation, effect on viruses, 475 
Dcstliiobiotm, effect on Lactobacillus 
casii, 535 

Detergent, use in separation of virus 
nucleic acid from protem, 403, 184 
Detoxification, of fungitoxicants, 535 
by qumoncs, 528 

l,4-Diaceloxy-2,3-dichIoroiiaphlhalcne, 

increase ui toxicity, 595 
Dialkyldithiocarbamate fungicides, bio- 
logical modification of, 535 
effect on cell metabolism, 529 
DlalLyldithiocarbamatcs, 519, 550 

effect of hisbdmo on loxiaty of, 5o0 
effects on enzymes, 531 
a.2-Diamlno fl hydroxy pimclic acid, 

from hydrolysis of labtoiininc, 339 
Diainino pimclic acid, lysine precursor, 

Duti>orthc jibascolorum, tffccl of light on 
{xrrithccla fornution, ICO 
Dupoithin, produttion by Fndiilhu 
paroMtico, 323 
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Diazouracil, effect on cell division, Esch~ 
eTKhia coll, 542 

1,2 Dibromo-3-chloropropane, as nema- 

tocide, 608, 618, 625, 629, 634 
phytotoxicity of, 608, 629 
Dicarboxylic acid, polymenzed, in cutin, 
237 

^ichapetalum, production of fluoracelic 

acid, 554 

Dichlone, antimetabolic activity, 525 
2,3 diciiloro-l,4-naptlioqumone, 509, 

527, 590 

effect on oxygen consumption by fun- 
gal conidia, 528 

effect of vitamm K on fungitoxicity, 

526 

reaction with cellular constituents, 
Ncurospora sitophila, 537 
toxicity of, relation to solubility, 555 
uptake by spores, 509, 517 
2 5 Dichlorohydroquinone, toxicity of, 

591 

0 2,4*Dichlorophenyl-o,o diethylphos- 
phorothioate, ncmatocide on plants, 
629 

^6 l^ichloropropene-1,2 dichloropro- 
pane mixture, D-D mixture, nenia 
tocidal properties, 607 
Dichloro 6 anilion-s-triazme, effect 
on fimgal spores, 259, 510, 531 

24 Dichloro 6-(o-chloroanilino)-s-tria 

ziiie, alkylation of ammo acids, 559 
reacUons of, 559 

diethyl sulfate, effect on cell division, 
Eschenchta coU, 542 
asothiocyanates, as nonspecific poisons 

r, 

- 4 Dimercaptopropanol, anti Lewisite 

^'^(4-Diniethylammophenyl)methane, 

effect on sporulation, 543 
‘aiethylglyoxime, production of trace 
uielal deficiency symptoms, 
e'ffus ntger, 567 

'^■5 Dimethyltetrahydro 1,3 5,2H-tbia- 
diazme-2-thione, mylone, sod fumi- 
gant, 584 

uiitrophenol, effect on oxidative pho* 

Pborvlflf,r,« KCJO KOO 


mhibitioii of radioactive accumulation, 

348 

2 4Diiutrophenol, effect on mutagenesis 
bv ultraviolet radiation, 190 
Dmitropbenols, effect on powdery mil- 
dews, 572 

2,4-D.nltro o cresol, fungicide acUon, 

Dipbmyl, effect on fungal growth, S43 
DipLyUhmearbazone, effect on sporu 

latioii, 543 

Diplodm zeae, pathogen on seedlings. 26. 

54 

Diploidizat.on, rusts, 150 
Discomycetes. ascocarps of, 143 
structure of 

Disease, cause of, 1, 10. 12, 

coexistence problem in. 9 
contagious nature of, 14 
distinction from mjury 10 

LTpbX»>p;r 

D."yr/'pmctices, on growing 

Diser/re^tion measures acr, a, path 

"^‘’"'’jSexes nematodes and other 
Disease complexes, n 

D^reJ^ermetUnfrednemg 

DJsesymp.oms,effectofm.em..ba,- 

hype^^iast 

275 

DS^l^^eS’lcSis^hiocarbania^ 

nabm 581 jjg 
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Dissociation, expression of, 380 
Dissociation of substrate, 559 
Dissolution, of host barriers, 216 
Dithiocarbamates, 530, 579 
h a lf chelates of, 567 
Dithiocarbamyl compounds, effects on 
Saccharomyces cerevtsiae, 511, 512, 
531 

Ditylenchus, control of, 627 
Ditylenchus radtcicola, root knot nema* 
tode on grasses, 618 

Dodder latent mosaic virus, recovery 
from, 95 

DoZichodorus, ectoparasitic nematode, 

618 

Dormancy, spores, 139, 170, 171 
Dosage response, polymodal, of dilhio- 
carbamates, 580 

Dothidella ulex, effect on mtroduced rub- 
ber trees, 43 

Downy mildew, of native grape, effect 
on mtroduced varieties, 43 
Downy mildew fungi, longevity of spor- 
angia, 172 

Downy mildews, genetic resistance to, 55 
sexual reproduction in, 140 
specific host requirements of, 29 
Drosophtla, mutagenic effect of formal- 
dehyde on, 540 

Drosophtla melanagaster, mutation rate, 
886 

Dual phenomenon," m wild type imper- 
fect fungi, 377, 378 

Dutch elm disease, symptom expression 
in, 336 

Dwarfism, com and peas, effect of gib- 
berellins on, 343 
Djesluffs, effects on vimses, 485 


E 


Early blight, tomatoes, role of altcmanc 
acid m sjTTiptoms of, 322 
Ectoparasites, nematodes, control of, 610 
Eelworra larva, angle of entry into roots. 
224 


Egg cells, occurrence of viruses in, 93 
Elaphomyccs granuhlus, ascus of, 147 
Electron microscopy, m virus stud), 74 
Electrophoresis, 63 


in separatmg nucleic acid and protem, 

79 

turnip yellow mosaic virus particles, 
83 

Elm phloem necrosis, symptoms of, 306, 
307 

Elm wilt, Ceratostomella ulmt, msect 
borne, 28 

Elongation growth, followmg appressoria 
formation, 207 

hyphae, m penetration by pathogens, 

205 

Enceha leaves, phytotoxic prmciple m, 

317 

Endodermis, as premfection barrier, 220 
Endogone, zygospore formation, 142 
Endomyces, ascus formation m, 143 
Etxdomxjces vernalis, action of resistant 
strams, on pyrithiamine, 535 
Endomycetales, sexual reproduction of, 
143 

Endoparasites, nematodes, 616, 017, 618 
Endophyte, myconhiza, physiological 
relations, 295 
relation to host tissue, 294 
Endopolygalacturonase, 251 
Endopolymethylgalacturonase, 251 
Endosporcs, formation of, 118, 120, 121 
Endothia parasttica, chestnut blight, pro- 
duction of diaporthin, m vitro, 323 
detoxification of host phenols and tan- 
nms by adaptive enzymes of, 246 
effect on chestnuts, 42 
growth through host barrier, 216, 218 
Energy, activation, in toxic action, 559 
Energy of activation, m heat denalura- 
tion of tobacco mosaic virus protein, 

465 

Entomophthorales, comdia formation by, 
132 

Environment, effect on classes of para- 
sitism, 40 

on virus mfeebons, 95 
"Enzymatic adaptation,” by plant path- 
ogens, 388 

Enzyme mliibilion, ratio of substrate to 
inlubitor, 561 

Enzyme production, effect of C N ratio 
of substrate, 253 

Enzymes, action with toxicants, 558 
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cell wall as bamer to, 227 
cellulytic and pecUc, action m oito, 

251 

distinguished from toxms m patho- 
genesis, 316 

effect on dormant spores, 172 
extracellular, toxic action of, 22 
hydrolytic, formation by uredospores, 
Puccmia grammw tnttci, 179 
mhibiUon of, 227, 255, 258, 285, 527, 
540, 558, 565 

pectic, 65, 253, 254, 255, 282 
proteolytic, effect on viruses, 490 
role in pathogenesis, 53, 63, 65, 249, 
250, 276, 282, 335 
secretion by root pathogens, 303 
Enzyme stimulation, by toxicants, 565 
Enzyme system, cellulytic, m breaching 
host bamers, 221 
effect of toxicants on, 560 
of pathogen, absorption by host, 226 
Epichloe typhxna, latent condiUon m 

host, 204 

Epicotyl, maize seedlmgs, action o 
Dtplodta zeae on, 54 
Epidemics, factors in, 58 
relation to virulence of causal agent, 
40 

Epidermis, Botrytis ctnerea hypha m, 211 
infection from virus inoculum, 92 
^pilobium hybrids, auxm deficiency m, 
343 

Epmasty, tomato fusanal wilt, role of 
ethylene, 338 

^P'phytosis, triangle of, 58, 59 
^^emascus spp , ascus formation in, 143, 

146 

amylovora, 29, 43, 50, 120 386 
^rtcinio arotdeae, 244, 252, 254, 452 

atToseptica. soft rot of potato, 
25 

carotovora, 25, 410 

Uacheiphila, wilt of cucumber. 

msect home, 27 

^n/nguim aquatxcum, passage of tobacco 
mosaic VITUS through, 388 
rysiphales, cleistocarp of, 143 

stimuhbon of host tissues by 

tKia 


Erysiphe achoraceamm, oplmiuin tem- 
perature, spore 

En,s.phe 210, 

Ertjstphe grammis, 190, Wi, 

Erystphe pohjgoni, 147, . 

perorrdc 542 

cliemicals inhibiting g 

effects of antrbmt.es on, 511, 523,0 

oftLtryptophan on enzymes, 524 

of irradiation, 542 

’’’“Cleaves erns’^’d by, 226 

“Sion otsmad mo.ecnles mto, 
phagfre.a,.onsof,y,395 

prodSorb;’^-— 

spore respnatmn, 179 

tobacco mosaic 

“^-“/%nc.mn of 
Etfnonme 1 jves, 340 

h-'f ”VS„cUonofndt»"’P 
Ethyl alcohol, p 

toms 331 237^ 338 

sorption hy acid, clic 

Ethylenediam 

^ 'ate ^.ological 

Ethylene ^tothio^r ' 

spectrum ot. 
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Ethylenemune, efiect on cell division. 

Escherichia coli, 542 
Ethylenethioureas, as toxicants, 585 
Ethylenethiuram monosulfide, fungitox- 
icity of, 582 

Ethyl mercury phosphate, tolerance of 
Gibherella zeae to, 393 
Euascomycetes, ascus formation m, 143 
Eubasidiomycetes, heterothallism m, 150 
Eucharts spp , plasraolysis of leaves, 
effect on penetration, 238 
Ludorma eUgans, host for Dangeardia 
niammillata, 139 

Euphorbia cypartsstas, heat therapy, Uro 
mtjces ptsi, 263 
Eurotiales 143, 149 
Eurotium, 144, 148 

Evolution of parasitism and pathogenic 
ity, 35, 45 

Excretions of host effect on pathogenic 
activity, 234, 235 
Exopolygalacturonase, 251 
Exopol)mcthylg'ilacturonase, 251 
Extracts, virus infected leaves, 81 
Exudates, effect on fungal spore germma* 
tion, 230 


Fluonde, effect of pH on toxicity to 
spores, 176 

Fluoroacetate, mammals, mhibition of 
aconitase, 554 

Fluoroacetic acid, 524, 554 

1 Fluoro 3 bromo-4,6 dmitrobenzene, 
fungicide, 593 

Fliiorocitric acid, synthesis from fluoro* 
acetic acid, 524 

1 Fluoro-2,4 dmitrobenzene, reactions of, 
559 

5 Fluorouracil, mcorporation m tobacco 
mosaic virus, 487 

Femes, 152, 154, 184, 278, 282 

Food manufacture, plant tissues, destruc 
tion by pathogens, 28 

Food reserves, pa&ogens actmg on, 25 

Foodstufl’s, diversion to abnormal use m 
disease, 31 

Food supply, host, relation to bacteria 
multiplication, 122 

Forest trees, morphology of mycorrhiza, 
294 

Fonnae specutles, erection by Puccuua 
gramtnts, 408 

Formaldehyde, effect on viruses, 482, 


Exudates root, 280, 290 “^96, 540 

as mutagen, 540 

P protem precipitant, 563, 571 

soil fumigant, 579 

Fcrbam ferric dimethyldilhiocarbamate, Fragmentation, tobacco mosaic virus, 79 
530, 570, 580 Freezing, effect on virus infectivity, 468 

Ferguson’s Principle nonspecific loxi* Freezing injury, fungi, nature of, 174 
cants, 515 583 French bean, tobacco necrosis virus, 100, 

Fermentation, alcoholic, by inacroconuha 106 

of Ncurospora spp , 179 n-Fructose, in root exudates. 293 

Ferns, Aphclcnchoidcs rttzema bosi is Fructose 1,6 diphosphate, permeability 
cndoparisite, G14 of cells to. 517 

Uruho acid, secretion by sugar beet, 20 Fruit bodies, Basidiomjcctcs, 154, 157 
Ficui, effect on doniijiit spores, 172 Fruiting in fungi, relation to nutrition. 
Ficus latex, Ijsozjme m 569 157 

I ilipin, antibiotic, effects on llclmnulto Fruit ripening, role of ethylene, 337 


jporium iatimm, 542 
Fission, \cgctali\c cells bacteria, 118, 
119, 120 

Havanones, from pci root exudates, 291 
Flax, resistant \aricly, production of 
IICN’ by roots, 2^1, 270 
Flax rust, 433, 139, 440, 441, 450 


Fruit rots, effect of ammonia gas on, o» ^ 
Fruits, mold produced by iVilzopus 
Sigricans, 23 

Fruit softening, role of cUiylcnc, 337 
Fumaric acid, secretion from clover 
roots, SOI 

Fumigation, control of seed bonie iicma* 
todcs, 015 
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Fumigation, m suppresimg pathogtm*, 58 
Fungi, cell wall components, 511 
damage to cotton fibers, 252 
heterokaryosis in, 372, 379 
pathogenic variability of, 363, 385, 
395, 453 

reproduction of, 124, 125, 128, 131, 
132 

spore secretions, effect on Bordeaux 
toxiaty, 509 

solubilizmg systems m, 206 
surface enzymes, 518 
Fungicides, acquired resistance to, 393, 
537 

effects on cellular structure and organ- 
ization, 511, 514, 520, 521, 540. 
541 

effects on enzymes and metabolism, 
522, 523, 525, 527, 533, 584 
future of, 595 

mechanisms of mobilization, 508 
organic, 569, 579, 590, 591. 592 
organometalhc, 593 
screenmg programs, 593 
selective action of, 507, 522 
structure-activity relations, 554 
toMc action, 508, 533 
toxicity and biological acUvation, ^ 
Fungi infections, beans, effect of hot 
water dip, 103 

Fimgi species, anastomoses between, 3 
Fungistasis, reversible reachon 558 
Fimgi of stigmatomycosis, 127 
Fungitoxicants, comparative effects on 
spores and mycelium, 543 
detoxification of, 535 
effects on sporulation, 542 

halogens, 578 
morgamc, 575 
loss of action, 594 
mutagenesis by, 539 
nonmetals, 577 

uptake of, relation to selecUve toxiaty, 

518 

Fungitoxicity, metal cations, 575 
physiology of, 507 

Furfural, effect on dormancy, ascospores 
of Neurospora tetraspcmui, 172 
Fusana. effect of host nutrients on me 
tabolism of, 248 


Fusanc acid, effects on plants, 259, 327 
formation of dehydrofusanc acid from, 
325 

mhibition of enzymes from mitochon- 
dria, 285 

production of, 324, 325, 326, 337, 345 
structure and properties of, 258, 284, 
324, 328 

as vivotoxm, 283, 316 
Fusanum, colomes produced by hetero- 
karyon, 372 
cultural types of, 385 
effect of hydrocyanic acid on growth, 

279 

of light on sporulation, 160, 161 
on nodulation by Rhtzobtum tnfoht, 
302 

host range, 278 

macrocomdia of, slime spore type, 137 
roulUnucleate termmal cell, 369 
penetration phenomena, 208 
predisposition of barley to, 318 
producUon of mulUnucIeate macro 
cooidia, 365 

race differentiation m, 562 
saltaUon in, 381, 382, 383 
tomato resistance to, effect of root knot 
nematode, 613 
variability m races of, 361 
vascular wilt diseases, symptoms, 275 
Fusanum avenaceum, host penetration 
bv 505 

Fwonu’m coeruleum, 253, 305. 394, 539 
Fusanum culmorum, 220. 235. 588 
Fusanwa frucligenum, gsneUo vanaUon 

in, 1^® T f 

Fusanum hetemponum, production ot 
fusanc acid, 324 

Fusanum induced wilt, role of tonus, 

Fusuram ktentmm. producUon of de- 
hydrofusanc acid m vxtw. S24 
Fusanum lyoopernct. production of wilt- 
mduemg tonus m ultra, 23 
Fusanum mani‘ vuuicncc and 

morphological changes in culture. 

FusaTm mom!, farms, 292, 324. 369 
see Cibberella /u/tluroJ 



676 


SUBJECT INDEX 


Fusanum mvale, inoculum concentration 
for mfecbon, 282 

Fusanum oxysporum, effect of carbon- 
nitrogen ratio on chlamydospore for- 
mabon, 127 

on new host varieties, 399, 400 
nuclei m spores of, 365, 366 
parasexuality m, 156, 364, 373, 382 
production of cortical decay, 305 
Fusanum oxysporum f batatas, produc- 
bon of dehydrofusaric acid m ottro, 
324 

Fusanum oxysporum f conglulinans, 
types of host resistance to, 286 
Fusanum oxysporum f cubense, mtracel- 
lular necrosis by, 221 
Fusanum oxysporum f gladioli, anas 
tomoses, 367 

Fusanum oxysporum f lini, 234, 279 
Fusanum oxysporum f lycopersici, m 
oculum concenbration for mfecbon, 
282 

limited mfection, Lycopersicon, 278 
tomato wilt, 275 

toxin production, 283, 324, 326, 329 
331 338 

virulence of saltabng strains, 384 
Fusanum oxysporum i nicotianae, pro- 
ducbon of dehydrofusaric acid in 
vitro, 324 

Fusanum oxysporum f niveum, 305, 
324 331 

Fusarium oiyspomm f pisi, effect of root 
exudates, 20, 235, 280, 399 
hcterol.aryosis, 367 370, 371, 374 
infection, effect of host on rhizosphere 
Bora, 290 

modifications of pathogenicity, 399 
mutants from ultraviolet radiabon, 373 
races from parascxual cycle, 375, 376 
wilting caused by, 400 
Fusarium oxtjsporum f castnfeclum, m 
vitro, production of dehydrofusaric 
acid, 321 

Fusartum root rot, on peas, effect of soil 
temperature, 47 

Fusanum roscum, cell wall alteration in 
germination, 512 

effect of fungiddcs on, 521, 520, 528, 
529, 530, 532, 535 


spore nubient requirements, 177 
Fusanum solant, 179, 324 
Fusanum solanl, £ eumartu, polysac- 
chande production by, 336 
Fusanum sp , produebon of fusanc acid 
m vitro, 283 
spores of, 135 

Fusanum spp , effect of antagomsbc bac- 
teria on chlamydospore formation, 
127 

m rhizosphere, 27, 290 

as root pathogen, 27 

vascular wilt diseases, role of toxms, 

257 

Fusanum udum, vascular wilt of Cajanus 

cajan, 277, 289 

Fusanum vastnfectum, cotton wilt, 27o 
276, 284, 287, 290 
virulence of variants of, 384 
Fusanum wilt, cotton, 613 

tobacco, disease complex with tobacco 
stunt nematode, 813 
tomato, 316, 332 

Fustchdtum, conidia morphology, 137 
Fustchdium pynna, see Veniurw pinna 

G 

Galactans, 261 

Gall bacteria pathogenesis, 33 
Gall diseases, effect on host metabolism, 
32 

Gall nematodes, wheat nema, 615 
Gall forming parasites, diversion of host 
food, 31 

Galls, effect of potassium and calcium 
balance in host, 51 
Canoderma, 154, 278 
Gas impervious covers, nematocide appl»- 
cabon, 628 

Gasleromycctes, morphology of inut, 

body, 154 

Gelasinospora, movements of nuclei m, 
368 

Ccnca hispidula, ascosporcs of, 140 
Gene conbol, disease-producing capaa- 
bos, pathogenic fungi, 150 
Gene controlled mcdianisms, in exuda- 
tion of metabolites, 291 
Gene InlcracUon, in parisitism, 453 
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Gene recombinations, 90 
Genes, factors m heterokaryotic growth, 
Neurospora crassa, 369 
for host resistance, 364 
Genetics, pathogemcity and, 408, 425 
Usttlago avenae mter-race crosses, 426, 
427 

Geoglossum, 146, 149 
Gercntum maculatum, Ertjsiphe com- 
munis on, 209, 217 

Genmcide activity, of ionic surface- 
active agents, osmotic effects, 525 
Germmation, l^eurospora spores, per- 
meability changes, 557 
sclerotia, 128 
spores, 168, 169, 

Germ theory, and names of diseases, 6, 
Germ tube, role m heterokaryons, 368 
m spore germmation, 168, 170 
Germ tubes, fungi, penetration of arti 
ficial films, 238 

spores, attachment to cuticle, 239 
Giant cells, from toxic agents, 541 
GtbbereUa, tolerance to poisons, 394 
Gtbberella fupkuroi, pr^uction of fu 
saric acid tn vitro, 283, 324 
Gibberella saubinetii, passage through 
cortex, 220 

Gibberella zeae, 287, 393 
see Gtbberella saubinetn 
Gibberellic acid, production by Gt 
ella fupkurot, 344 
Gibberelhn A, 344, 345 
Gibberelhns, 65, 343, 344, 345 
Gladiolus, local injury by Bacterium mar 
ginatum, 120 

Globm, action on tobacco mosaic virus 

493 , 

y Globulm, antiserum, effect on tobacco 
mosaic virus, 489 

Cloeosportum jrucUgenum, comdia mor 
phology, 137 

Glocosporium musarum, comdia mor 
phology, 137 

Glomerella ctngulata, 177, 570 
Glucose, isotopically labeled m spore 
respiration, 179 

n-Glucose, m root exudates, 292 
Glucosamme analogues, m selective 
bition of pathogens, 512 


Glucosides, from apple and peach roots, 
20 

Glutamic acid, 292, 486 
Glutathione, effect on cell division, 542 
Glyceraldehyde 3 phosphate dehydrogen- 
as^ from yeast, 523 

Glycerol, as substrate for spore respira- 
tion, 179 

Glycme m root excretions, 292 
Glycoprotem. effect on mfectivity of 
tobacco mosaic virus, 493 
Gnonwnta enjthrostroma, pycmdia pro 
duction, 144 

Gomdia, formation by bacteria, 121 
Gooseberry. Aphelcnchoides ritzema host 
as endo- and ectoparasite, 614 
Gossyptum arboreum race mdicum, dip 
loid, rhizosphere of, 291 
Gossyptum hirsutum, 291, 292 
Granville wilt of cotton, disease complex 
with root knot nematode, 613 
Grape Phylloxera, use of carbon bisul- 
fide, 606 ^ . . 

Craphmm ulmt, genetic 
Graces, root Ijiot oemalode on, Dityleo 
chus radtcicola, 618 

Gravity flow applicators, nematocides, 
625 

Griseofulvm, 512, 570 
Growth deficiencies, mduced by ultra- 
violet radiaUon, smuts, 421 
Growth habit effect of fungitoxicants 
on, 541 , 

Growth inhibiuon, toxms from PincuUirta 
oryzae, 323 

Crorrth regulants. m pathogenosu. 63 
Guanidine, uiacUvaUon of viruses by, 
484 

Guamne, counteracUon of 8 nzagumme 
in virus mulUphcaUon mhibiUon, 
106 

a-heptadccyl 2-imidazolme as^m- 
peUtive antagonist for, 5-5, 5-0, 

Ouanosme effect on toxicity of 8-^- 
cuanine to Tetrahymcna geleit, 564 
Gum^aterm!. as best barrier to Stcreum 

GuJuT^rmobdiratien of Bor- 
deaux deposits, 509 
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Gijmnoasctis, 143, 1 18 
Cijmnosporangtum, effect of c>cIohcxi 
mido on meiosis, 541 
Gymnosporangium junipcn iirgmtanae, 
31. 208 

Gymnosporangium spp , gcrmmabihty of 
aeciospores of, 171 


H 

^^‘‘logenation. effect on fungitoxicity. 

Halogens, as fungitoxicants, 578 
production of anlimetabohtes m iifij 
579 

Haploid stage, smuts, saprophjue nature 
of, 417 

Hatching factor, nematode eggs, produc- 
tion by plants, 620 

parasites, 29, 30, 241, 

Heat effect on morphology, tobacco 
mosaic virus particles, 465 
on mutagenesis by ultraviolet radii 
tion 190 

Heat inactivation, viruses 99 4C5 
Heat resistance, spores, 174 
Heat therapy, 262, 263 467, 496 
Heat treatment effect on ascospore dor 

Her,™ ‘etraspeima, 172 

Heavy metals reacUon of snUhULI 
compounds with 530 ^ ^ 

HeUayhnclm,, ectoparasitic nematode 

“ZtS™ o' 

cultural types of 385 

effect^ of hydrocyanic acid on grmvth 

races of, 361, 362 
s'-Itation in, 381 

wri3”?37 

Hrfminrtosporinm corionnm. nuclear 
366 *" 365, 

Hctamrtosporiom grammenm. nuclear 
behavior m spore formatron 3^ 

Hdmmtl^spo„um oryzeae, produebon of 
cochliobolin, 320 


//c/zninf/tosponmn sativum, ammo icid 
requirements in vitro, 374 
artificial mduction of disease, 318 
effect of soil inhibitor on, 193 
effects of Clipm on, 542 
growth m medium from flax roots, 235 
nuclear behavior in spore formation, 
305 

nuclear content of heterokarjon, 411 
sectors m cultures of, 382 
spore cytology, 368 
toxin production by, 317 
virulence on wheat seedlings, effect of 
amino acids, 374 

Hclminthosporuim spp , nuclei in spores 
of, 366 

lielminthosponum victoriae, egress tube 
of, 214, 223 

growth m resistant oats, 342 
host specific toxin, 342, 349 
on oats, relation to Puccmia coronata 
mfecUoD, 45 

pissage through cuticle of oats, 217 
susceptibility of oats to, 347 

Hclvclla, apotliecium morphology, 149 

HemiceUuIose, degradation by germinat- 
ing spores, Pucctnia grammxs f 
triUct, 242 

Hemxcychophora, ectoparasitic nematode, 
616 

Hemoglobin derivatives, function in ef- 
fective root nodules 299 

2 Heptadecyl 2-imidazolme, effect on 
fungi, 509, 517, 521. 525, 526, 

563 

Herbicides, activation by plant tissues, 
534 

Heterodera, cyst forming life cycles, 620 

Heterodera rostochiensis control 621, 

632 

Heterodera schachui, 214, 219, 220 606, 

621 

Heteroecism, m rust life cycles, 30 

Heterokaryon, development of, 375 
effect of medium on nuclear ratios, 

372 

formation m Fusartum momltforme, 

369 
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Fusarwm, chromosome abnormalities 
from mitotic crossing o\cr, 377 
Heterokarjons, cjtology of, 363 
origm of, 368 

Heterokaryosis, and cultural metabolism, 

370 

different species of fmigi, 156, 379 
effect on genetic variability, 169 
on physiological range of fungi, 372 
effects on Uie physiology of fungi, 
370 

factors affcctmg, 369 
genetic mcompatibility m, 379 
imphcations in fungal taxonomy, 377 
influence on expression of mutant fac- 
tors, 411 

mechamsm of mamtainmg, 368 
role of anastomoses in, 366 
role in vanability in pathogens, 361, 
363. 373, 374, 375 
m soiUbotne parasitic fungi, 379 
iieterosponum, conidia morphology, 137 
Heterothallism, 142 

Heterotrophy, in mycorrhizal fungi, 273 
Hexokinase, inhibition of, 529, 540 
Hexylresorcinol, germicide, 591 
H-ioa concentration, host, rehtion to 
bacteria multiplication, 122 
Histidine, effect on toxicity of dialkyldi- 
thiocarbamates, 530 

Histology, VentuTta mutants, growth on 
host, 448 
Homothalhsm, 142 

^ormodendrum, effect on nodulation by 
Rliizobium tTifohi, 302 
Hormones, control of sexual reproduction 
m Achyla, 142 

Host, effect on rate of reproduction of 
pathogens, 386 

nutnent condition, relation to infec- 
tion, 248 

relation of soil and soil borne patho 
gens to, 235, 273 

resistance relationships in pathoge- 
rucity, 286 

^ponilation on surface of, effect of 
environment on, 161 
vital processes and diseases, 23 
Host barriers, breaching of, 206, 233 


Host ttll reaction, to metabolic products 
of pathogens, 267 

Host cells, cytoplasm susceptibility to 
fungal metabolites, 243 
Host genes, for resistance, relation to rust 
genes for virulence, 437 
Host genotype, relationship witli physio 
logic specialization of pathogen, 414 
Host parasite interaction, 40, 438 
Host passage, effect on pathogen viru- 
lence, 400, 410 

Host pathogen interaction, 411, 451 
Host penetrations, endoparasites, sexual 
differences, 617, 618 
Host physiology, relation to virus m 
aebvation, 110 

Host range, extension by fungi, 363, 409, 
437 

root-mfectmg pathogens, 216, 277 
Viruses, 71 

Host reactions resulting m barrier to 
pathogens, 221 
Host regulated virulence, 39 
Host resistance, dependence on hyper 
sensitive reaction, 362 
to obligate parasites 242 
Host secretions, effect on pathogen activ 

jty, 234 

Host specificity, powdery mildews, phys 
loiogical races, SO 
Host specific toxins, 349 
Host susceptibility, m epidemics, 58 
Host vaneties, adaptation of pathogens 
to, 360 

Hot water dip, effect on plant suscepti- 
bility to viruses, 103 
Hoinarw granubita. archicarp of, 144 
Humidity effect on Cladosporium fulcum 
infection on tomato, 228 
on development of fungal sporangia 


mlemal, factor m spread of pathogens, 


225, 226 

in spore longevity, 173 
Humidity control, m spore 


germmatioo. 


H,acmA, yellow disease of, surface ex- 
udalion, 119 

Ityacmtiaa orwMaUs, mfertion by Xw, 
thomonas hyacinthi, 278 
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Hybrid combinations, genetic inlerprcta 
tion of pathogenicity, 427 
Hybridization, effect on infcctivity, 425 
smuts, 417, 421, 423, 424, 427, 428 
use of resistance genes of host, 451 
Hybrids, between specialized fonns, re- 
duction of virulence, 435, 437 
mtcrspecics, pathogenicity of, 428 
Hybrid vigor, heterokaryotic fungi, 370 
Hydrocarbons, saturated, relation be- 
tween toxicity and solubility, 568 
Hydrocyanic acid, m rhizosphcre, effect 
on disease. 234, 235, 320, 321 
Hydrogen bond, in biological systems, 
558 

Hydrogen ion concentration, effect on 
soil organisms, 47 
on viruses, 478 

Hydrogen peroxide, effect on virus in 
fectivity, 480 

Hydrogen sulfide, from fungal metabo- 
lism of sm1£\ix, 526 
toxicant action, 572 
Hydrotropism, in fungi, 205 
p Hydroxybenzoic acid, secretion by 
sugar beet, 20 

Hydroxy carboxylic acid in culm, 237 
5 Hydroxymethylcytosme of bacterio 
phage nucleic acid 78 
N (a (a Hydroxypropiomc acid)) gly 
clyasparagine lycomarasmm, 329 
8 Hydroxyqumolme mutagenic effects, 
root tips 539 

prelection against toxic action m wdt, 
328 

Hymenomycetes, longevity of basidio- 
spores, 172 

Hyoscyamus niger, infection by Syn 
chytTuim endohioUcum, 278 
virulence of Corynebactenum mich 
tganense in 89 

Hyperplasia root diseases 306 
Hypersensitive reaction 30 44 347 348 
362 

Hypersensitivity, resistance to obligate 
parasites 266 

Hypertrophy, root diseases, 306 
Hyphae, ascogenous, dikaryolic nature 
of. 145 

monstrosiUes, from toxic agents, 541 


spread in host, 125 

Ilyphal growth, effect of chloronitrobcn- 
zcncs on, 593 

Ilyphoinycctcs, conidiophores of, 133 
Hypoxanthinc, effect on spore gennma- 
tion, Phycomyccs blakesleeanus, 178 
inhibition by 2 azaadcninc, 563 
structure of, 563 

I 

Illummatiou, effect on plant susceptibil- 
ity to viruses, 97 

Imidazoline derivatives, toxicity and solu 
bihty, 556 

2 Imidazolines, enzyme inhibitors, 586 
Immune reaction, tobacco recovery from 
ring spot virus, 40 

Immunity, against leaf mold fungus, 
Lycopcrsicon pimpmelUfoltim genes 
for, 411 

Impoticns bfllfammc, resistance to iungif 
infection, 535 

Imperfect fungi, dual phenomenon in 
wild type, 378 
mutation in, 411 
variants m, S6I 

Inactivation, by heat, of virus nucleic 
acid kmetics of, 465 
temperature coefficient of, 465 
tobacco mosaic virus, effect of tern 
perature, 94 
lag period, 87 

tobacco necrosis virus m vitro, 101 
of viruses, 462 

Inactivators, viruses, effect of tempera 
ture on, 102 
Incitant, use of term, 15 
Incite, undesirability of term, 1 
Indole 3 acetic acid 171, 260, 343 
Infecting units concentration for infec 
tion 262 

Infection, by fungal hyphae, 125 
process of, 212, 248, 279, 280 
systemic, viruses, 94 
Infection court germination of spores in, 
178 

Infection cushion 236, 237 
Infections limited, 204 219 
Infection thread, m host penetration, 239 
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Infection types, inheritance in races of 
wheat stem rust, 434 
Infectivity, varus, 80, 91 
Inhentance, race type m fungi, 364 
sonis type m smuts, 421 
Inheritance of pathogemcity, 408, 425, 
435 

analysis of specific hjbridization, 423 
rusts, 433, 438 

Ventuna maequalts, 443, 440 
Inhibition, compebtive, 258, 561 
Inhibition, enzyme systems, m helero- 
trophic orgamsms, 563 
Inhibition, noncompetitive, 561 
Inhibition, uncompetitive, 562 
Inhibitors, vims infections, 105, 108 
Inoculum, nature of, 264, 265 
Inoculum potential, 178, 263, 264, 265, 
281 

Insect-borne wilt orgamsms, 27 
Insect extracts, effect on viruses, 491 
Insects, as animate pathogens, 4 
Interstenhty, specialized forms, rusts, 437 
Invasion, of undifferentiated cells by 
pathogens, 241 

Inversion growth, zone of, 529 
Inversion of toncity, 581 
Iodine, effect on varus infectivity, 480 
lodoacetamide, specificity for sulfhydryl 
groups, 560 

Ionic bonds, role in toxic acbon, 559 
Ionization, relation to toxicity, 554 
Ions, heavy metals, uptake by conidia, 

517 

Iron, chelate complex of lycomarasnun 
with, 329 

Iron chelation, m vwo, role m toxin 
action, 285 

Iron content, cotton, effect of fusanc 
acid on, 327 

Irradiation, morphogenetic and cytolog- 
leal effects from, 542 
virus preparations, effect on infective 
ness, 86 

Isogametes, Plasmodiophora hrasswae, 
140 

D-Isoleucine, effect on tobacco mosaic 
vims m tobacco, 486 
t^Isoleucine, mhibibon of tobacco mo- 
saic varus m tobacco, 486 


Juglonc, from black walnut roots, 20 

K 

a Keto acids, antagonism of sodium di- 
methyldithiocarbamate toxicity, 529 
a-Ketoglutanc acid, accumulabon in 
Fusartum roseum, ziram effect, 529 
a Ketoglutaric oxidase from mitochon- 
dria, mhibition by captan, 529 
Ketones, a, and y3-unsaturated, reaction 
witli thiols and ammo compounds, 
560 

Ktnebes of heat inacbvahon, tobacco 
mosaic vims nbonucleic acid, 465 
Kotdi’s postulates, m proof of pathogemc 
ity, 6 

Komplexon III, chelator, 329 
Kreb's cycle, m fungi and yeasts, 522 


cease, effect of dialkylditbocarba- 
mates on, 531 

xlanus, spore charactensbes, 152 
,cuc acid, effect on Coryneba^0Ttum 
mtchiganense on tomato seed, 571 
ictobaciUus, 291, 563 
Uctylamino 13 hydroxy S-ammo- 

pimehc acid, lactone of, tabtoxmme, 
339 

Item penod, effect ct temperature ou, 

182 , o, 

virus multiplication m kaves, 91 
lat-blight urganjans effect on fo 
manufacture by plant, 28 
«,f blights, effect of mtrogen fertiliza 

bon on, 50 ,^00 

bv facultative saprophytes, zy 
J cells, amount of tobacco necrosis 

after C‘‘0, treatment, 
af ei^dates. effect on spore germma- 

vims nucleic acid ill nt™. loi 
a,nutncutsforsporogcmnnauon,1.8 
saf hoppers, virus vectors, 75 
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Leaf-mfecting obbgate parasites, physi- 
ology oE parasitism, 308 
Leaf nitrogen, role in rice resistance to 
blast disease, 219 

Leaf parasites, infection byphae of, 29 
Leaf roll virus, thermal inactivation m 
potato tubers, 467 

Leaf spot diseases, self-limiling lesions, 
261 

Leaf spots, cork formation in, 262 
Leaf surface, hairs as barrier, 224 
Leaves, effect of age on virus infecbvily, 
101 

effect of ultraviolet radiation on sus- 
ceptibihty to viruses, 86 
necrobc diseases of, role of toxins, 257 
Legcholeglobin, m root nodules, 299 
Lcghemoglobm, in root nodules, 299 
Legmclhemoglobin, in root nodules, 299 
Leguminosae, nodulating ability of, 297 
Lenticels, entry of bacteria through, 118 
Lenzites septarta, temperature response, 
germ tube growth, 182 
Lopidium satwum. root hair infection. 
278 

Lesion, barriers limiting size of, 262 
progressive, 263 

Lesion development and inoculum poten- 
tial, 264 

Lesions self-limiting, 256, 263 
Lethal synthesis” as toxicity mechanism, 
564 

Lettuce, nng spot of, comdia of patho- 
gen, 137, 138 

Lcucinc, in root excretions, 292 
Lcuconostoc mcsentcroldcs. m ammo 
acid assay, 291 

Lewisite, 2.4-dinicreaplopropaiiol as anU- 
dole, 576 

Life cycle, plant parasitic fungus, 124 
Light, effect on host resistance to Puc- 
emfa tritlctna, 98, 303 
on sponilalion of fungi, IGl 
and spore germination, 187, 188, 189 
hctcrolrophic organisms. 

visible, effect on viruses, 473 
Light Intcnsit). effect on variants in 
)cast culture, 387 


Light spectrum, wavelengths in mhibition 
of spore germination, 188 
Lignm, aldehydes as product of degrada- 
tion, 317 

m cell walls, 206, 222, 261 
resistance to attack by pathogens, 261 
Ligmtubers, formation around invading 
hyphae, 222 

Lily bulbs, storage rot by Rhizopus 
means, 25 

Luna bean, effect of root knot nematode 
on mineral content, 612 
Lmeweaver-Burk plots, for enzyme in- 
hibition, 561, 562 

Lipase, effect on bacterial protoplasts, 
514 

pancreatic, effect of quinones on, 527 
Lipids, in cell walls of fungi, 511 
Lipid solubihty, effect on cell permeation, 
514 

Lipoprotein nature, cytoplasmic mem- 
brane, 514 

Liver extract, antagonism of wildfire 
toxin inhibition, 339 
Loltum perenne, infection by Plasmodlo- 
phoTo brassicae, 278 
Longevity of spores, 172 
Longtdorus, ectoparasitic nematode, 616 
Loose smut, barley, control by seed 
soaking, 571 

Loose smut habit, dommance over 
covered, 423 

Lophodermtum, formation of apotheaa, 
relation to food supply, 157 
Lophodemitum pinastn, production of 
clouds of ascosporcs, 147 
pycmdia production, 141 
Luceme mosaic virus, mfecUvity in 
tobacco plant sap, 477 
on Nicotiana gluttnosa, action of 8- 
azaguanme, 488 

Lutidinc, mactivation of viruses b}, 484 
Lycomarasmui. 258, 325, 329, 330, 333 
V-(a-(a-hjdro'cypropionic acid)) 
-giycljasparagmo, 329 
mhibition of enzymes from mito- 
chondria, 259, 285 
production by Fusanum oxysporum I 
hjcopcrslcl, 283, 325 
LycopcTsicum csculcntum, pathogen reJa- 
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bons with Cladosponum julvum, 

411 

virulence of Coryncbactcrium mlchU 
ganense m, 39 

Lycopersicum pimpineUtfoUum, domi- 
nant genes for immunity, 411 
Ljophilization of spores, preservation 
method, 176 

Lysine, mhibition of tobacco mosaic virus 
m Nicotiana glutinosa, 486 
in root excretions, 292 
Lysme biosynthesis, pathways, 522 
Lysozyme, efEect on bacterial cell walls, 
569 

on dormant spores, 172, 177 


M 


Maceration, of cells, m soft rots, 253 
Macrophomma phaseolt, m rbizoplane of 
seedkngs, 290 

^ocrosporium spp , penetration of to 
niato fruits, 219 

Magnesium, m cotton tissues, \vilt m- 
fection, 284, 327 

Maize, Fythium as root pathogen on, 27 
Maize, reaction to Diplodta zeae infec- 
tion, 54 

Maize Wilt, Bacterium stewartU, insect- 
borne, 27 

virulence m resistant plants, 39 
Malachite green inhibition of viruses by, 
485 

tolerance of Gibherella zeae to, 393 
talic acid, effect on Bordeaux toxicity, 

509 


in root exudates, 292 

secretion by hairs of Cicer arleUnum. 

<all amylase, effect of dialkyW>tI"‘o=“- 
bamates on, 531 
effect of quinones on, 527 
ialtose, m root exudates, 202 
as substrate for spore respiration. 179 
Manganese, effect on tobacco mosaic 
virus in leaves, 06 nf 

^laanan protein complex,^ cc 
Candida albicans, 51- 
Mannons, deposition in walls. .01, 51- 


Mannitol, as substrate for spore respin- 
tion, 179 

afarssonina panattoniana, conidia mor- 
phology, 137, 138 
conidiophores of, 135 
Mass selection, m inheritance studies. 

MaUhiola, sp , root hair mfectiott of, 278 
Meadow nematode, disease compleres 
with root rot diseases, 613 
Mcdicago sp, mfection by Thysodema 
alfalfae, 278 
\lciosis, 417, 432 

■ilelampsom hm. genetic studies in, 410, 
432, 437, 438 

Melanconiales. acervuli of, 133 
comdiophores of, 137 
Mchnospora zamiae, ascospores and asci 

of, 146 

Mchlotus sp , wound 

Mdoidogtjue, spp , control of ffeld popu 

Jr^compfex with blade shank of 

Mcmbrltr«a,pe.m=abih.yof, 

action on toxins 257 
Membranes, 574 

toxicants on, 514, 51 , * , 

McmnontcUa echinzda, requir 
biotin for spore 

Mcnl/w vperM. antagonism of cluD 
root fungus, 292, 293 

2 Mcrcaplobenzothiazole. syner^sm with 
diilLyldithiocarbamates, 

ns toxicant, 585 r',Uhrr. 

Mercuric chloride, tolerance of Giooer 

clla zcao to, 393 „ i 7 fl 

Mercury, accumulation by spore , 

509 j 1 

combmmg ability with sulfhydryl 

„,ga„rtolerfneebys.ramsoffung., 

538 

fungicldnl action, 555 
Mcsophyll, virus In, 80, 93 , 

wheat, swelling with PuccMa tritlcina 
infection, 222 , , 

Metabolism, intracellular, effect 
enuts on, 522 

spores, effect of Icnipcraluro » 
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Metabolites, effect on vuuses, 485 
similarity in fungi and other organisms, 
522 

Metal chelates, formation by dialkyl 
dithiocarbamates, 580 
formation by wilt toxms, 328 
Metal ions, role m estabhshment of 
plant viruses, 481, 497 
Metals, combining ability with cell con- 
stituents, 575 

effect on toxicity of lycomarasmm, 
329 

in soil, factor in cotton wilt, 287 
toxicity, correlation with solubihty, 

575 

Methionme, competitive inhibition of 
wildfire toxm, 340 

selenometluone as antimetabolite of, 
524 

Methionine metabolism, effect of Pseudo* 
monos tahaci infection on, 259 
Methionme sulfoximme, effect on Chlor. 
ella, 340 

production of halos on tobacco leaves, 
340 

Methyl bromide, fumigation on seed- 
borne nematodes, 615 
soil fumigant, 607 

2-Methyl butene-2( tiimethylethylene ), 
production by Puccmta grammis 
inttci uredospores, 192 
Methylene blue, effect on virus tumors 
from Rumex acetosa, 485 
uptake by spores, 177 
2,2 -Methyleaebis( 4-chlorophenol), 
structure of, 592 

a-Methyhsonicotmic acid, isolation from 
soil, 318, 334 

Methyhsothiocyanate, from sodium N 
methyl dithiocarbamate, 584 
Methyl xanthmes, mutagenic effect m 
Ophlostoma multiannulatum, 539 
Microbe antagonists, effect of orgamc 
matter m soil on, 47 
MiCTOcallis nuxiae, attachment of hyphae 
to cuticle, 218 

Micrococcus, resistance to strcplom>cm. 

role of ammo acids, 538 
Micrococcus ItjsodciUicus, dissolution by 
l)-soz)me, 569 


Microcysts, formation by bacteria, 121 
Microflora, of rhizosphere, 274, 289, 290, 
292, 293, 302 

Mtcromonospora, spore formation by, 124 
Microscope, invention of, role m estab- 
lishing causation of disease, 14 
Microsphaera quercina, effect of tern 
perature on cleistocarp production, 
159 

Middle lamella, chemical properties of, 
250, 254 

in soft rots, 254, 274 
m young and mature tissues, 253 
Mineral content, hypertrophied tissue, 
306 

Mineral nutrients, effect on infections, 
48, 51, 96 

Mitosis, chromosome crossovers in 
heterokaryon, 377 

spindle, effect of fungitoxicants on, 
532, 539, 540, 541 

Moisture, effect on temperature range, 
spore germination, 182 
Montlta, conidia formation by, 134 
Afonifmta fructicola, action of mycehal 
extracts on qumones and phenols, 
536 

comparative effect of toxicants on 
spores and myceha, 544 
conidia of, 135, see Sclerotinia 
frucUgena 

effect of silver on spores, 557, 577 
survival of conidia in relabon to 
humidity, 173 

toxicity of N-n-alkylethylenethioureas, 

510 

water content of spores, 185 
Afonffinfa spp , effect of organic fungi- 
cides on respiration, 528, 530, 585 
mode of action of copper on, 177, 509, 
536, 565, 576 

Afonoblepharts, sexual reproduction m, 
140 

Monosaccharides, as substrates for spore 
respiration, 179 

Morchclla, apothccium morphology, 149 
Morphology changes, Erwlnla amylovora 
m culture, 386 

Morilerella, j^gosporc formation, 142 
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Mucor, spore formation, 126, 127, 131, 
142 

\fucor, sp , negative tropism of germ 
tubes, 193 

Mustard oil, role m disease resistance of 
Brassica nigra, 243 
Mutagenesis, by chemicals, 410, 539 
by ultraviolet radiation, 190 
Mutants, fungal, nutritional requirements 
for spore germmation, 178 
Mutant strams, bacteria, from sexual 
processes, 122 

Mutation, m asexual organisms, 408 
m bactena, 410 

effect on pathogeniaty, 36, 361, 388, 
409, 410, 411, 412, 413, 414, 445, 


446, 450 

m imperfect fungi, 411 
of pathogemc races, 362 
role m pathogenic variation, 413 
m sexual organisms, 413 
Mutations, role m production of races by 
Phytophthora mfestans, 414 
Mycelia stenlia, of Fungi imperfecti, 133 
Mycehum, heteroharyotic, production of 
uninucleate comdia, 169 
systemic, m com smut, 32 
^iycobactertum, vegetative roultiphcalioo 
of, 123 

Mycobactenum phlei, spore forming on 
timothy grass, 123 

^iycobacterium rubtacearum, production 
of leaf nodules, 123 
Mycorrhizae, ectotrophic form, deve op 
ment of, 294 . , 

effect on host, and relations of sou 
organisms to host, 297 


as parasites 21, 277 
physiology of, 294, 295, 296 
symbiosis with tree roots, 273 
'^iycosphaerella rabet, resistance 


297 

of Cicer 


anetinum to. 235 


Mycostatm, effect on Glomerella cmgu 


lata, 570 „ 

Mylone, 3 5 dimethyltetrahydro 1.3-5,2H 
thiadiazine 2-thione, soil fumigant. 


584 

M)Tiangiales, asci formation, 148 
Myrolhechim, enzymes of, 179, 516, 


\{yroUiecium verrucaria, biotm require 
ment for spore germmation, 178 ^ 
degradation of msoluble cellulose, 252 
effect of fungiades on, 530, 532 
\iyrtus communis, antibiotics from, 289 
Myxomycetes, pH range for spore ger- 
mmation, 185, 186 

ifyzus perstcae, transmission of potato 
virus Y by, 473 


Nabam. aclion of, 530, 581, 582, 583 
Nacobb^, sp, root knot nematode, 618 
Naphthalene, effect on mitotic spmdle 
formation, 541 
Naphthalene acetic 

bacco mosaic vims, 485, 4Sb 
Naphthalene compounds, mutagemo et- 
feet on bacteria, 410 
2Naphthyloxy acids, detoxiBcation by 

rUpergillus niger, 536 
Narcosis, cellular, acUon of toxicants, 

509 el. 

Necosmospora vasmfecta, in rhizoplane 
of seedlings, 290 

Necrosis, host eelU with nist infections, 

^mcdlular by Fusanum oxyspormm 
f cubense, 221 

Nectrm, penthecium morphology, 148 
Hectna cmnabanna, coral spot disease, 

prSnction of dehydrofusane acid in 
oilro, 324 
Nectrai galUgem. 

Nematoc.de appheaoon, 010, 613, 621, 

622 625, 626, 628, 631 
Nematomdo diffusion m sod, 628, 631, 
633 

Nemalocide effleieney, 630 633 
Nematocides, allyl alcohol, emuls&d, 
626 

carbon bisulfide, 626 
3 p^:hIorophenyI-5 methyl ihodamne, 

ohIo.S°“n, ore m pmeapple Odds, 

027 0,0 

l^^bronio41,ehloropropanc, 6-J 
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o-2,4-dichlorophenyl o,o diethylphos- 
phorothioate, 629 
effect on crop yield, 605, 608 
ethylene dibromide, emulsified, 626 
mode of action, 634 
ovicidal properties, 634 
phytoto\icity of, 620 
postplanting treatments, 629 
Nematode behavior, adhesion by suction 
215 


penetration, 204, 214, 224 
thigmotropic reaction, 205 
Nematode distribution, in soil, 621 
Nematodes, as animate pathogens, 4 
appraisal of damage by, 608 
association ivith fungal and bacterial 
diseases, 613 

control by hot water treatment, bulbs 
and corms, 015 

control for perennial crops, 610 
cyst forming, 620 
ectoparasitic genera, 616 
endoparasitic, control by nemaloades. 


effect of root diffusates on, 205 
effect on water relations of plants 612 
foliar, 614 ’ 

importance as pathogens, 604 
killing action of nematocides, water 
solution, 631 

nonetposed sessile parasites, 618 
nutritional effects on plants, 811 
proof of pathogenicity, 6 
pure cultures of, 604 
seed borne, 614, 615 
soil borne, 615 


Vemalospon carylt, tom.at.on of apmnt 
mycelium, 127 ^ 

Ncoco^rnospca. staM.ty of sectors of. 


.Vcpiunlo olemcea, entry of nodule bar 
tcria, 300 

Vet necrosis virus, of potatoes, pMoe, 
necrosis in, 34 

Ncuro^pon cjan.de effect m hydroEc 
peroxide accumulation, 533 ** 

induced mutations, 442, 540 
l>smo biosj-nthesis pathway, 522 
mutation rate, effect of catalase poison 
mg chemicals, 539 


mutations affectmg biochemical proc- 
esses, 446 

spore germmation, permeabiLty 
changes, 557 

spores, accumulation of compounds, 
176, 557, 576 

Neurospora crassa, eff’ect of anaerobiosis 
in ascospore germmation, 191 
of medium on nuclei number in 
macrocomdia, 169 
of sulfanilamide on, 524 
mutants, effect of ammo acids, 519 
mutation rate, 190, 388 
respiratory quofierit, 180 
role of genetic factors m heterokary- 
otic growth, 369 

sensitization of ascospores to hght by 
eosm, 187 

ultraviolet survival curve, 190 
Neurospora sitopJnla, effect of filtrates on 
tobacco mosaic virus, 492 
of fungitoxicants on, 510, 513, 517, 
521, 537 

of uranium on, 519 
movement of toxic ions mto conidia, 
557 

Neurospora sitophtla secretions, effect on 
Bordeaux toxicity, 509 
Neurospora spp , alcoholic fermentation 
by macrocomdia of, 179 
conidia formation by, 134 
Neurospora telrasperma, accumulation of 
cationic toxicants, 510 
Neurospora Cetrasperma, ascospore dor- 
mancy, and germmation, 172, 177 
effect of lysozyme treatment on asco- 
spores, 177 
of polymyxm on, 520 
Ntcandra physalotdes, infecbon by Syn- 
chytrium endobioticum, 278 
Nwotiana, virus infected, mhibitoiy ac- 
tion of sap, 495 

Nicotiana glutmosa, absorption of ultra- 
violet light by epidermis, 473 
action of 8 azaguanme on viruses in, 
487, 488 

effect of environment on suscepbbihty 
to viruses, 96, 99, 103, 104 
infectJvity of inacbvated tobacco mo- 
saic virus on, 489, 493 
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of leaf extracts, Intent period to- 
bacco mosaic vims, 92 
of strains of tobacco mosnc vims, 
103 

leaf exudates, mactivation of vims 
nucleic acid m vitro, 101 
lethal effect ou cells by tobacco mosaic 
virus, 86 

tobacco mosaic virus infection, effect 
of compounds on, 481, 485, 492 
ultraviolet inactivation of tobacco mo- 
saic vims m, 472 

virulence of Coryncbactcrium mich- 
iganense in, 39 

iVicotwna rusttca, action of cylovirin on 
tobacco mosaic virus infection, 491 
Nicotmic acid, stmeture of, 328 
3-Nitro-7-hjdroxybenzothiazolc, effect on 
cell division, Eschertchia colt, 542 
Nitrogen, spore germination requirement 

for, 177, 180 

Nitrogen bases, Ventuno mutants defi 
cient for, 447 

Nitrogen fertilization, effect on leaf 
blights and canLcrs, 50 
Nitrogen mustards, 190, 447, 540, 542 
Nitrogen phosphoms balance, effect on 
wheat rots, 49 

Nitrogen-potassium balance, effect ou 
diseases, 49, 50 

Nitrogen supply, effect on diseases, 48 
Nitroreductase, effect of chlorotetracy- 
cline on, 523 

N Nitrosophthahmidme, toxicity of, 588 
Nitrosopyrazoles, toxicity and cell per- 
meation, 514, 556, 580 
Nitrous acid, effect on virus infecbvity, 
479 

^ocardia, chlamydospore formation by, 

124 

Nodulation, 300, 301, 302 
Nodules, 299, 301 

Norleucme, inhibiUon of tobacco mosaic 
vmis m Nicottana gluUnosa, 486 
Nuclei, division in spore germination, 169 
m fungal spore formation, 365 
migration m anastomosis, 368 
number in spores, 168, 169, 190 

Nuclejc acid, mfectiveness on ultraviolet 
treated leaves, 88 


mfectivity of, 80 

insoluble, m infected tobacco leaves, 
82, 83 

sjaitliesis of, m vims infected cells, 
81, 89, 90, 91 

VITUS component, 73, 74, 79, 83, 88, 

101, 102 

Nucleic acid stmeture, role in protein 
synthesis, 110 

Nuclcoprotem, viruses, 33, 72, 83 
Nucleoside synthesis, in Lactobacillus, 
563 

Nucleotides, arrangement m nucleic 
acids, 77 

from pea root exudates, 291 
Nucleus, bacteria, 119, 121 
inactivation m ultraviolet spore treat 
ment, 190 

membrane as permeation banier, 516 
Nutrient balance, host, role m disease 
control, 51 

Nutrients, appropriation by pathogen, 22 
effect on plant susceptibility to viruses, 

96 

on spore germination, 169, 182 
role of roycorrhizae m, 294 
stimulation of appressorial formaUon, 
236 


k wilt, 28, 224, 337 
ts, growth of Puccinta gratntnis var 
tritici on, 392 

lature of excretions from, 292 

blight of, % 

t smuts, hybrubzauon of, 424, 425 

uutotlylo, ,36 

,mmsp,comdiaof,134 13|13e 
ion, resistance to smudge, 235, 31/. 

i„f!eed, control of stem and bulb 

ro'^dtog rooB, effect on genmna- 
“on oT^cleroUa of Sclera, .um cepi- 

jrdge%b.t.onmrcdsbmncd 

. tnle of waff m 

ascospore dormancy. 
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0-2,4 dichlorophenyl-o,o diethylphos- 
phorothioate, 629 
effect on crop yield, 605, 608 
ethylene dibromide, emulsified, 626 
mode of action, 634 
ovicidal properties, 634 
phytotoxicity of, 620 
postplanting treatments, 629 
Nematode behavior, adhesion by suction, 

215 

penetration, 204, 214, 224 
thigmotropic reaction, 205 
Nematode distribution, m soil, 621 
Nematodes, as animate pathogens, 4 
appraisal of damage by, 608 
association with fungal and bacterial 
diseases, 613 

control by hot water treatment, bulbs 
and corms, 615 

control for perennial crops, 610 
cyst forming, 620 
ectoparasitic genera, 616 
cndoparasitic, control by nematocides, 
617 

effect of root diffusates on, 205 
effect on water relations of plants, 612 
foliar, 614 

importance as pathogens, 604 
killing action of nematocides, water 
solution, 631 

nonexposed sessile parasites, 618 
nutritional effects on plants, 611 
proof of pathogenicity, 6 
pure cultures of, 604 
seed borne, 614, 015 
soil borne, 615 

\ematospora conjh, formation of sprout 
m)cclium, 127 

\cocosmospora. stability of sectors of 
381 

Septunia oleracea, entry of nodule bac 
tcria, 300 

Net necrosis virus, of potatoes, phbcm 
necrosis in, 34 

\curospora, C)anide effect m hydrogen 
peroxide accumulation, 533 
mduced mutations, 412, 540 
Ijsino biosj-nthcsis pathway, 522 
mutation rate, effect of catalase poison- 
ing chemicals, 539 


mutations affectmg biochemical proc- 
esses, 446 

spore germination, perraeabibty 
changes, 557 

spores, accumulation of compounds, 
176, 557, 576 

Neurospora crassa, effect of anaerobiosis 
m ascospore germmation, 191 
of medium on nuclei number in 
macroconidia, 169 
of sulfanilamide on, 524 
mutants, effect of ammo acids, 519 
mutation rate, 190, 386 
respiratory quotient, 180 
role of genetic factors m heterokaiy- 
otic growth, 369 

sensitization of ascospores to hght by 
eosm, 187 

ultraviolet survival curve, 190 
Neurospora sxtophila, effect of filtrates on 
tobacco mosaic virus, 492 
of fungitoxicants on, 510, 513, 517, 
521, 537 

of uranium on, 519 
movement of toxic ions into comdia, 
557 

Neurospora sttophtla secretions, effect on 
Bordeaux toxicity, 509 
Neurospora spp , alcohohe fermentation 
by macroconidia of, 179 
conidia formation by, 134 
Neurospora tetrasperma, accumulation of 
catiomc toxicants, 510 
Neurospora tetrasperma, ascospore dor- 
mancy, and germinafaon, 172, 177 
effect of lysozyme treatment on asco- 
spores, 177 
of polymyxm on, 520 
Ntcandra physalotdes, infection by Sj/n* 
chytrtum endobloticum, 278 
Nicotiana, virus infected, mhibitory ac- 
tion of sap, 495 

Nieotiano glutinosa, absorption of ultra- 
violet light by epidermis, 473 
action of 8-azaguanme on viruses In, 
487, 488 

effect of environment on susceptibility 
to viruses, 96, 99, 103, 104 
infectivity of inactivated tobacco mo- 
saic virus on, 489, 493 
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of leaf extracts, latent period to- 
bacco mosaic virus 92 
of strains of tobacco mosaic virus, 
102 

leaf exudates, inactivation of vims 
nucleic acid m vttro, 101 
letlial effect on cells by tobacco mosaic 
virus, 86 

tobacco mosaic virus infecbon, effect 
of compounds on, 481, 485, 492 
ultraviolet inactivation of tobacco mo 
saic virus m, 472 

virulence of Conjnebactenum tntch- 
iganense m, 39 

NicoUana rustica, action of cytovinn on 
tobacco mosaic virus mfection, 491 
Nicotmic acid, structure of, 328 
3 Nitro-7 hydxoxybenzothiazole, effect on 
cell division, Escherichia colt, 542 
Nitrogen, spore germination requirement 
for, 177, 180 

Nitrogen bases, Venfun<j mutants defi- 
cient for, 447 

Nitrogen fertdization, effect on leaf 
blights and cankers, 50 
Nitrogen mustards, 190, 447, 540, 542 
Nitrogen phosphorus balance, effect on 
wheat rots, 49 

Nitrogen potassium balance, effect on 
^seases, 49, 50 

Nitrogen supply, effect on diseases, 48 
Nitroreductase, effect of chlorotetracy- 
cline on, 523 

N Nitrosophthalimidme, toxicity of, 588 
Nitrosopyrazoles, toxicity and cell per- 
meation, 514, 556, 586 
Nitrous acid, effect on virus infechvity, 
479 

Nocardia, chlamydospore formation by, 
124 

Nodulatjon, 300, 301, 302 
Nodules, 299. 301 

Norleucme, inhibition of tobacco mosaic 
virus in Ntcottana glutmosa 486 
Nuclei, division in spore germination, 169 
m fungal spore formabon, 365 
migration In anastomosis, 268 
number m spores, 168, 169, 190 
Nucleic acid, j^ectiveness on ullravjoJet 
treated leaves, 88 


infccUvity of, 80 

insoluble, m infected tobacco leaves, 
82, 83 

synthesis of, m virus infected cells, 
81, 89, 90, 91 

virus component, 73, 74, 79, 83 88, 

101, 102 

Nucleic acid structure, role m protein 
synthesis, 110 

Nucleoprotem, vmises, 33, 72, 83 
Nucleoside synthesis, m Lactobacillus, 
563 

Nucleohdcs, arrangement m nucleic 
acids, 77 

from pea root exudates, 291 
Nucleus, bacteria, 119, 121 
inactivation m ultraviolet spore treat 
ment, 190 

membrane as permeation barrier, 516 
Nutrient balance host, role in disease 
control, 51 

Nutrients, appropriation by pathogen, 22 
effect on plant susceptibility to viruses, 

96 

on spore germination 169, 182 
role of mycoirhizae in 294 
stimulation of appressorial formation, 
236 

O 

Oak wilt, 28, 224 337 
Oats, p’DWth of Puccinia gramints var 
tritKi on, 392 

nature of excrebons from, 292 
Victona blight of. symptoms, 341 
Oat smuts, hybridizabon of, 424, 425 
OdontostyJe, nematodes, 618 
Oidium sp , conidia of, 184, 135, 136 
Omon, resistance to smudge, 235, 317, 

453 

Onion seed, control of stem and bulb 
nematode, 615 

Onion seedling roots, effect on germina- 
tion of sclerotia of Sclcrotium cepi- 
vorum, 194 

Onion smudge, inhibibon in red skinned 
onions, 453 

Onygfina equina, role of cell wall m 
ascosporc dormanej, 172 
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Oomjcetes, 129, 132, 140, 142 
Ophwbolus gramints, 27, 47, 49, 223, 
277, 281 

Ophiostoma, penlhecium morphology, 
148 

Ophiostoma mulUannulatum, 173, 539 
Orange leaves, germinating spores of 
Colletotrichum glorosportoides on, 

239 

Orchid endophyte, effect of host on lysis 
of, 157, 158 

Organic mercury fungicides, induction of 
polyploidy, 541 

Organic phosphorus msectides, 534, 615 
Ovaries, infection by Claviceps purpurea, 
219 

Overgrowths, Agrobactcrium, relation to 
wounding, 32 

caused by obligate parasites, 33 
Oxalic acid, 257, 292 
Oxidase, DFN, Moniltnia laxa, effect of 
copper, 565 

inactivation by nitrogen mustards, 540 
Oxidation-reduction changes, by toxi 
cants, 571 

Oxime N secretion from clover roots, 
301 

Oxme, 567, 580, 587 
Oxygen, effect on virus mactivalion by 
ultraviolet light, 474 
relation to infection, 248 
spore germination 179, 191 
Ox)gen tension, role m subenzation, 227 
Ozone, toxicity ol, 572 

P 

Papam, Ijsozyme in, 569 
Papaver rhoeas, infection by Plasma 
diophora brassicae, 278 
Paper lonophoresis, 03 
Parasite, definition. 1, 20 
Parasite evolution, to obligate parasitism 
63 

Parasite population, effect on introduced 
plants, 42, 43 

Parasites, ecologically obligate, 277 
facultalivo and obligate, host ranee 
275 ^ ’ 


mtroduced, role of, 42 
obhgate, host resistance to, 242 
invasion of undifferentiated cells, 

241 

proof of pathogemcity, 6 
sod, relation to host compared with 
mycorrhizal fungi, 297 
vascul^, facultative, 24 

Parasite speciahzation, relation to host, 
64 

Parasite virulence, relation to epidemics, 
59 

Parasitism, classes of, 46, 60, 61 
defioibon of, 9, 10, 21 
dependence on host nutrients, 244 
development from saprophy tism, 46 
effects of, 63 
evolution of, 19 
gene interaction in, 453 
mterference with food utibzation, 31 
nature of, 10, 19, 21 
nutrition hypothesis of, 452 
obbgate, interaction of host and path- 
ogen physiology, 451 
processes of, 20 

role of saltation m evolution of, 384 
in root infcctmg pathogens, 276 
selection of natural mutants, 39 

Parasitism and pathogenicity, evolution 
of, 35 

mleirelations, 20 

Parasitism type, correlation with host 
physiology affected, 34 

Pacathioa, as foZior nematocicfe, OIS 

Paralylenchus, ectoparasitic nematode, 
616 

Parenchyma diseases, caused by soil bac- 
teria or fungi, 274 

Particle size, relation to fungitoxicily, 594 

Partition coefficients, N-n alkylelhylene- 
thiQUieas, 515 

Pathogenesis, chemical sequence, 284, 
285 

definition of, 1, 3 

host-parasitc balance in, 40 

methods of regulating, 57 

processes of, 24, 35, 63 

role m breeding for disease resistance, 

45 
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role of pectolyhc enzymes m, 282, 283 
role of weather m, 15 
m Stewart’s \vilt of com, 38 
trends, 35 

Pathogen-host relations, 302, 304, 305 
Pathogenicity, of bacteria, effect of host 
passage on, 410 

cell wall degradation as factor in, 234 
changes m, 360 
definition of, 1, 3 
effect of host excretions on, 234 
soil metals on, 287 
factors m, 281 

genetics of, 408, 431, 449, 452, 453 
smuts, 417, 419, 420, 423 
inheritance of, 425, 426 
mterrelations with parasitism, 20 
monocomdial isolates, Venturta tn 
equalis, 443 

mutations changing, 411, 414, 415, 
447, 448 

parasexual processes and, 373, 375, 
376. 383, 395 
physiology of, 22 
processes of, 20 
proof of, 5, 6 

types of, effect of disease resistance 
on, 52 

role of suction pressure, 247 
Pathogenicity factors, segregation of, in 
smuts, 419 

Pathogenicity and parasitism, evolution 
of, 35 

Pathogenisni, contrasted with parasilisni. 
10 

Pathogens, activity at plant surface, 234 
adaptation m, 360, 393 
change to saprophytism m soil borne 
fungi, 380 
defimtion of, 1, 2, 
destructive type, 303 
food supply of, 9, 22 
host processes affected by, 23 
inanimate, naming diseases caused y» 

8 

mvasion, 241, 260, 317 
kmds of, 3, 5 

mechanical penetraHoa of culidc. -39 


mechanism of penetration by force 
205 

mechanism of vanalion m, 361, 400 
metabohsm, m progressive lesion 
formation, 264 
mixed mfections, 288 
penetration, force required, 205 
physiologic races, 361 
production of cellulase in vitro, 252 
nonspecific toxins 349 
relation between physiologic special- 
ization and host genotype, 414 
role of anaerobic growth m infection, 
248 

m soil, 273, 274, 275 
soil borne, estimation of moculum po- 
tential, 264 
spore dispersal in, 133 
spread m host, 203 
toxin formation by, 22 
vanabon and environmental relations, 
155 

virulence, effect of host passage on, 
409 

Pea, Aphonoinycea and Fusawum spp 
as root pathogens on, 27 
excretion of ammo acids, by roots, 292 
root tips, effect of captan, 529 
Pea seed decay, Tythium ultimum, 47 
Pea vaneties, effect on soil microfiora, 
290 

Pea wilt Fusanum, 384 

Peach, effect of mtrogea on abscission, 

50 

X disease of, effect of zinc sulfate on, 
481 

Peach roots, secretion of glucosides and 
phenolic substances, 20, 820 
Pear, penetration by Venturia pinna, 238 
surface exudabon m fire blight, 120 
Pectates, in external layer, cell wall, 206 
Peebe acid, chemical nature of, 250 
Pectin, 240, 242, 250, 254, 282, 283, 

333 

Peebnates, acbon of PentetUtum expan- 
fum culture filtrates on, 255 
Pectmic acid, 250, 254 
Pectm methyl esterase, 25, 251, 255, 

282, 283, 303, 332, 399 
Peebn polygalacturonase, 179, 282, 283 
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Pelargonaldehyde (nnonanal), effect on 
uredospore germination, 192 
Pelltcularia filamentosa, 207, 217 
Penetration, by force, mechanism of, 205 
of host, by pathogens, 203, 207, 208, 
213, 238, 249 
of non hosts, by fungi, 240 
by pathogens, of mduced barriers, 261 
Penetration tube, passage through cuh- 
cle, 211, 213 

Penicilha, parasexual cycle m, 375 
Penicillin, action on bacteria, 511, 533, 
534, 542 

Penicillinase, role m bacterial resistance 
to penicillin, 534 

Pemcillium, heterokaryosis in, 370, 372 
multinucleate tennmal cell, 369 
negative tropism of germ tubes, 193 
nuclei m spores of, 366 
production of clavacin, 258 
production of spores by, 133, 135, 136 
relative humidity for spore germma 
tion, 184 

in rhizosphere, potted plants, 290 
Penicxlhum chrysogenum, pentose cycle 
reactions, 522 

PenictlUum corymbtferum, conidiophores, 
coremia, 136 

PentctlUum cycloptum conidiophores, 
corcmia, 136 

Pemctlllum digitatum 185, 255, 338 
Pemcilhum cxpansum, 255, 250, 258 
Pemcillium glaucum infection mecha 
nisms of, 241 

Pemcillium islandicum, production of 
skyrin, 323 

PcHici/lium italicum effect of fungicides 
on. 529, 582 

hydrolysis of pectin by 338 
nutrient relahons m invasion of citrus 
fruits, 255 

Pemcillium jQnczeu.skit, production of 
griscofulvin, 570 

Penictllium notatum, sensitization of 
conidia to Lght by erythrosm, 187 
Ptnlctlhum rot. effect of temperature on 
47 

Pciiiophora, morphology of fruit body 
154 


Pentachloromtrobenzene, soil fungicide, 
593 

Pentose cycle reactions, in Penicilhum 
chrysogenum, 522 

Pepsin, action on potato virus X, 491 
Peptocephalts, conidia formation by, 132 
Peridermium spp on pme, 31 
Penthecia, Pyrenomycetes, arrangement 
of asci, 149 

Pemianganate, effect on dormancy in 
spores, 171 

Permeability, bacteria protoplasts, 513 
differential, role in restricting move 
meat of toxins, 257 
host cell, effect of root pathogens on, 
303, 304 

membrane, effects of toxicants on, 520 
plant cells, effect of toxms on, 259 
spores, 172, 176, 557 
Permeability barrier, effect on adsorpbon 
of cations, 577 

Permeation, by fungicides, 512, 514, 516, 
517, 528 

relation to selective toxicity, 518 
Permeation barriers, intracellular mem 
branes as, 516 

Peronospora, germination of sporangia of, 
132 

oospore resistance to environment, 

142 

Peronosporaceae, lack of motile phase m 
life cycle, 129 

Peronospora destructor, effect of hu« 

rmdily on conidia development, 159 
Peronospora chlorae, effect of humidity 
on conidiophores on Blackstonia per- 
foUata, 159 

Peronospora humuli, effect on hop cul- 
ture, 42 

Peronosporales, sexual organs of, 140 
Pcronosporales, water requirement for 
spore germmation, 184 
Pcstalozzia, spore characteristics, 135, 

13B 

Pezizfl, 140, 147, 149 

pH, as barrier to pathogens, 240 

cells, effect on movement of toxms, 
258 

effect of pathogens on, 258 
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changes in tolerance to, Ertuiiira 
amylovoTa, 386 

effect on activity of pectie enzymes 
254 

on injury by fusanc acid, 327 
on protein disaggregation, tn vitro 
83 

on rate of heat denaturation, to- 
bacco mosaic virus protein, 465 
on role of soil metals in control of 
cotton wilt, 287 

on spore gemiination, 182, 285, 286. 
187 

on virus mactivation by heat, 468 
Phaseolus culgans, mfectivify of enzyme 
inactivated tobacco mosaic vims on, 
489 

rhizosphere of, 290 
virulence of Corynehaciertum 
mtchtganense in, 39, 40 
PhelJogen formation following invasion 
by pathogens, 261 
Phenol, effect on viruses, 80, 484 
use in separation of virus nucleic acid 
from protein, 463 

Phenols, detoxi£cation of 246, 528, 536 
in diseased plants, 262, 332 
reaction of 2,4 dichloro 6(o 

chloroamlmo) s triazuie %vith, 559 
reaction of 1 fluoro 2,4 dmitro benzene 
with 559 

role m plant resistance to infection 
245 

structure fungitoxicity relations, 591 
toxicity of, 592 

Phtnoxyacetic icid reduction of toxicity 
by Aspergillus ntgcr, 536 
PhenoxyallKylcarboxylic acids, oxidation 
of side chains by plant tissue, 534 
P Phenoxypropionic acid, reduction of 
toxicity by Aspergillus niger, 536 
Pheny hlanine, in root excretions, 292 
role in Micrococcus resistance to 
streptomycin, 538 

o Phenylphcnol, effect on cytochrome c 
oxidase, Moniltniu laxa, 505 
I’htnjlphcnol dernatiics Mood prewrxa 
lixcs, 591 

Phialophora radicola. host pxnctntion in. 
281 


Phnlospores, production by saprophytic 
genen, 136 

Phloem necrosis, m virus diseases, 34 
Phoma, pycnidia morphology, 138 
stability of sectors of, 381 
Phoma tenestris, mherent vanabibty, 378 
Phosphatase, effect of quinones on, 527 
Phosphate^ in Aspergillus nidulans spore 
germmatiOD, 280 

mechanical transmission of viruses, 107 
Phosphate fertilizers, effect on Aphano- 
mijces cochltoides on sugar beet, 50 
Phosphates, msoluble nuneral, uptake by 
plants with rluzosphere population, 
293 

Phosphoms, effect on virus reaction in 
host, 52 

spore germination requirement for, 277 
transmission by bactenophage, 90 
Phosphorus nitrogen balance, effect on 
wheat rots, 49 

Phosphorus transport, fungus to host, 
beech roots, 298 

Phosphorylation, 2,4 duutrophenol os un 
coupler of, 592 
Pliotorcactivation, 86, 189 
Photosynthesis, host plant, relation to 
root nodule composition, 299 
Phototropism, gemunating uredospores 
183 

Phragiutdium mucronatum, temperature 
effects, spore germination, 183 
Phijcomyces hlukesleeanus, effect of 

hypoxanthine on spore germination, 

178 

Pliycomycctcs dormancy md maluntion 
of sporangia of, 171 
genetic vanation in, 155 
spores of, 128 139, 172 
Phijllachora, pcnlhccuim morphology, 

148 

PhyUosikta, pycnidia morphology, 138 
Phymatotnehum, cotton root rot. suntval 
xMthout host, 128 

Phymatofnehum omnlcorum, groivlh 
tlirough host bamcr, 216, 218 
host rcsistince to, role of alLaloids, 

245 

infection reqmrcnitnts of, 26, 2S2 
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Phtjsalospora obtusa, tolerance to Bor- 
deaux mixture, 537 

Phtjsalospora tucumanensis, resistance of 
sugar cane to, 224 

Physiology, disease development, woody 
plants, 336 

fimgi, effect of heterokaryosis on, 370 
of pathogenicity, 22 
of spore production, 370 
types of spore germmation 169 
Physodenna alfalfae, 275, 278, 
Physoderma maydis, 189, 191 
Phyto altemarin, production by Alters 
naria kikuchiana 323 
Phytoalexin, antibiobc principle in hyper- 
sensitive host tissues, 317 
Phytolacca, mechanical transmission of 
cucumber mosaic virus from, 492 
Phytolacca esculenta, virus mhibitor 
from, 493 

P/ii/fomonas stewartii, virulence changes 
in 390, 410 

Phytomonas tumefaciens, see Agrobac- 
tcrium tumefaciens 
Phytonivein, properties of, 331 
Phytophthora, germmation of sporangia 

germination of conidiosporangia imder 
anaerobiosis 191 

‘ passage effect ’ on virulence resistant 
host, 398 

rots caused by, 274 
spore numbers produced by, 362 
Phytophthora cactorum ISO, 139 140 
141 

Phytophthora fragariae, zoospore encyst 
ment, effect of surface 236 
Phytophthora mfatans, abihty to live on 
dead cells, 241 

adaptation to sources of resistance 
415 

axirulent strains, effect on potato tis- 
sue, 305 

blight forecasting s)slein, 159 
cnzj-mc production in utro, 253 
genetic resistance to, 55, 414 
bvpcrscnsitiic reaction of potato to 
562 

infection of tomato plants, 398 


influence of humidity on sporangia 
survival, 173 

local necrosis of leaf blade, 29 
mutations m, 413, 414, 450 
on new host varieties, 399, 400 
nuclei m spores of, 366 
penetration of potato leaves, 238 
race differentiation in, 362, 364 
sporangiophore growth through 
stomata, 158 

temperature effects, spore germmation, 
169, 183 

virulence changes on potato varieties, 
397 

Phytotoxicity, nematocides, relation to 
treatment and planting tunes, 634 
Picoline, inactivation of viruses by, 484 
Picolimc acid, 20, 328 
production by Pmculana onjzae, 323, 
334 

Picne acid, protein precipitant, 563 
Pigeon pea wilt, effect of organic nitro- 
gen in soil, 288 
Pigments, in root nodules, 299 
Pine, Pendermtum spp on, 31 
Pine seeds, germmatmg, effect of growth 
of mycorrhizal fungi, 297 
Pinus sylocstris, excised roots, growth of 
Boletus spp on, 297 
Pmculana onjzae, 219, 323, 535 
Pincularin, production by Pmculana 
oryzae, 323 

Plant excretions, in fungicide mobihza 
tion, 508 

Planting dates, use in aioidmg disease, 
57 

Plant growth regulators, 343, 485 
Plant nematodes, life cycles, 615 
Plant parasites, bacterial, effect of mois- 
ture on cell multiplication, 160 
Plant pathology, genetic outlook m, 381 
Plant protection phenomena, 108, 109 
Plants, mhibitoiy sap of, effect on sus- 
ceptibility to viruses, 493 
introduced, disease outbreaks on, 43 
resistance to virus infections, 463 
types of barriers to invasion, 244 
variability m disease resistance, 360 
Plant surfaces, influence on infections, 

236 
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Plasma membrane, bacteria, formation of 
median septum, 119 

PlasmodwpJiora, mechamsm of patho- 
genesis, 306 

Plasmodtophora brassicae, chemical basis 
of resistance to, 245 
club root, zoospore formation, 128 
fusion of isogametes m host, 140 
host range, 240, 277 
hyperplastic disease, 275 
mfection, 219, 292 
nutntion of affected crucifers, 33 
resistance to, 56 

sensitivity of host cytoplasm to, 243 
stimulation by plants of spore gennma- 
tion, 279 

Plasmodiophorales, zoospore morphology, 
129 

Plasmolysis, of bacteria, by potato tuber 
extract, 247 

Plasmopara, germination of sporangia of, 
182 

Plasmopara nttea, on Aegopodium 
podagraria, zoosporangia of, 130 
Plasmopara uticola, 42, 509 
Podosphaera, ascus formation, 147, 148 
Podospliaera leucotncha, 148, 240 
Poisons, acqiured tolerance of fungi to, 
m culture, 393 

respiratory, entry mto spores, 172 
Pollen mother cells, occurrence of viruses 
m, 95 

Plot selection, use m avoiding disease, 57 
Pneumococcus, transformation in, 449 
Polygalacturonase, 251, 255, 303 
Polygonum histortoidcs, site of spore pro- 
duction by Usttlago btstortanum, 
243 

PobTnyxm, effect on bacterial cells, 520 
Polypeptides, effect on viruses, 105, 484 
Polyphenoloxidases, 332, 528, 531 
Fob-pIoid>, induction by organic mercury 
fungicides, 541 

Polj-poraccac, lij-pbal analysis of, I5-I, 

155 

PohjpoTus squamosus, spore production 
of, 154 

Pol) saccharide, in bacteria, relation lo 
colony t)pe, 449 


mhibitor of virus mfections, 105, 492 
Polysaccharide production, role m wilt- 
ing, 338 

Polysttgma, 144, 148 
Polyuromde chams, in middle lamella, 
250 

Polyuromde hemicelluloses, deposition m 
walls of differentiated cells, 261 
Ponderosa pine mistletoe, as pathogen, 
21 

Porta xaniha, tolerance to copper, 394 
Potassium, m cotton tissues, wilt infec- 
tion, 284 

effect on plant susceptibibty to in- 
vasion, 51 

Potassium calcium balance, m disease, 
33, 51 

Potassium content, cotton, effect of 
fusaric acid on, 827 
Potassium nitrogen balance, effect on 
decay diseases, 49 
effect on wilt diseases, 50 
Potassium nutribon, effect on Pseudo- 
monas tabaci mfection, 37 
Potassium sulfide, effect on Aspergillus 
niger, 570 

Potato, black wart disease of, Syn- 
chytnum cndobtoticum, 128, 139 
dry rot, by Fusarium cocruleum, 
role of enzymes m, 253 
growth of Pythium debaryanum in, 

219 

h)perscnsitive reaction of resistant 
variety to Phytophthora tnfestans, 
383 

inactivation of enzyme extracts, 226 
late blight, local necrosis of leaf blade 
by phytophthora tnfestans, 29 
soft rot produced by Erxcinia alro- 
scptica, 23 

wart resistant sanetics, invasion of, 

286 

Potato leaves, pcnctrabon by Phytoph- 
thora tnfestans, 238 

Potato scab control, role of nutrient 
balance In host, 51 

t^itafo tubers, agglutination of hactena 
by extract from, 247 



694 


SUBJECT INDEX 


formation of substances toxic to patho- 
gens, 262 

thermal inactivation of leaf roll virus 
m, 467 

Potato varieties, changes m virulence of 
Fhytophthora tnfestans to, 397 
Potato virus X, effect of aging on infcc 
tivity of, 477 

of drymg on mfectivity of, 476 
of enzymes on, 83, 87, 490, 497 
of hyirogen peroxide on mfectivity 
of, 480 

of nitrous acid on mfectivity of, 479 
of pH on denaturation of, 478 
heat inactivation 463, 467 
mactivation by organic compounds, 
482, 483, 484, 485, 488 
inactivation in oitro prevention of 
contammation, 495, 490 
nucleic acid in, 74 

on NicoUana glutinosa, reactivation of 
ultraviolet irradiated particles, 

472 

photorcactivation, 86 97 
products of infection 84 
piotem separation by sodium dodecyl 
sulfate, 484 

relation to other virus injury, 33 
ribonucleic acid constitution of, 77 
spread of infection in soil, 281 
and Y, mleractions, 110 
Potato virus Y, effect of agmg on mfec 
tivity of 477 

of pH on inactivation of, 478 
of tneotheem on infection m tobacco 
492 

inactivation by ultraviolet irradiation 
in epidermis of tobacco, 473 
nucleic acid m, 74 

m potatoes, effect of thiouricil, 107 
sjstcmic infection of, 94 
temperature effect, 92, 407 
m tobacco, protection by tobacco etch 
virus, 109 

tobacco susceptibility to, effect of 
carbon dioxide, 483 
transmission by A/j/jtis pcrsicac, 473 
Potato )cllo\v dwarf \anis, leaf hoppers 
as vector of, 75 


Powdery mildew diseases, moisture rela- 
tions favorable to, 185 
Powdery mildews, conidia, 172, 173, 
178 

infection, effect of mmeral nutrients 
on seventy of, 51 
as obligate parasites, 24, 30 
effect of dmitrophenols on 572 
genetic resistance to, 55 
race differentiation m, 362 
Pratylenchus, 612, 613, 617 
Precipitation of hydrophobic colloids, ef- 
fect on cellular processes, 570 
Predisposition, to virus infections, by 
high temperature, 98 
Preplanting treatments, with nemato- 
cides, 610 

Preservation of spores, 175 
Pressure, effect on viruses, 476 
osmotic, 246, 574 
ProUne, in root excretions, 292 
Promycehum, rusts, 153 
Promycelmm, smuts, segregation in, 420 
Propagules, infection units, 124 
fi Propiolactone, effect on cell division, 
Escherichta colt, 542 
Protem, bacteriophage, 85, 89, 90 
m cell walls of fungi, 511 
m middle lamella, pea root tips, 254 
role m nodule formation, 298 
virus, 73. 79, 82, 86, 90, 91 
virus, relation to nucleic acid, 74, 88, 
466 

Protemase, effect of qumones on, 527 
Protem denaturation, relation to toxic 
mechanisms, 563, 579 
spores, miluence of temperature, 174 
Protein subunits, viruses, molecular 
weight and reaggregalion, 81 
Prolocatechuic acid, 192, 193, 228, 235 
Protopectm, solubility of, 251 
ProtopcctinasB, m tissue breakdown, 25 
Protoplasm viscosity, changes m, 521 
Protozoa, toxicity of cycloheximide to, 
532 

Pseudomonas angulata, pathogenicity on 
tobacco, 30, 37, 338, 339 
Pseudomonas fuorcsccns, soil saprophyte, 
38. 37 
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Pseudomonas mors prunorum, canicer 
and gmnmosis, stone fnnts, 341 
Pseudomonas solanacearum, attenuabon 
m, 386 

host range, 276 
pathogenesis, 252, 335 
on potatoes, effect of hydrogen ion 
concentration, 47 
symptoms, 275 

Pseudomonas synngae, 247, 341 
Pseudomonas tabact, 36, 37, 50, 259, 
338, 339 

Pseudomonas tahaci, comparison with 
Pseudomonas angulatum, 339 
Pseudoperonospora himult, eff^ect of tem 
perature and humidity on sporangio 
phores, 159 

Pseudophaenales, asci formation, 148 
Ptendophytes, symbiobc relations with 
fungi, 293 

Puccxnxa, sbmulation of host tissues by, 
346 

Puccmta anttrrhint, effect of temperature 
on teleutospoze formation, 259 
Puccmta asparagt, breedmg for resistance 
to, 57 

Puccmta carthamt, root infection by, 306 
Puccmui chrysanthemi, temperature ef- 
fects, Spore germmabon, 183 
Puccmta coronata, 44, 184, 347 
Puccmta dispersa, races, 891, 393 
Puccmta glumarum, 31, 205, 408 
Puccmta graminis, adaptation of strains 
to hosts, 431 

breeding wheat for resistance to, 41 
Cl* accumulabon, 242 
effect on host water economy, 29 
effect of suectme acid on uredospore 
respiration, 31 

genetic studies m, 415, 432, 433, 435 
germmatmg tehutospore, 152 
penetrabon of Berberu, 216, 219, 238 
production of abortive pycnia on 
wheat, 416 

races of, 153. 408, 423 
relative humidity for spore germina- 
tion, IS4 

Puccmta grammis tntici, barley as 
bridging host for, 392 
enzj-mes in uredosporcs, 179, 242 


infecbon types on wheat, 434 
metabolism of germiaatmg spores, ISO 
oxygen pressure for spore germmabon, 

191 

production of pelargonaldehyde (n- 
nonanal) by uredospores, 192 
races of, 363, 375, 376 
sensiti 2 ation of uredospores to hght by 
Congo red, 187 

uredospore produebon of 2-inethyJ- 
huteDe-2-(triinethylcthy]eQe), 

192 

Puccmta grammis var campaett, 

virulence on barley and resistant 
wheats, 392 

Puccmta recondxta irtUct, races from 
heterobaryons, 377 

Puccmio sorghi, pH reqmremcnts of 
spore forms, 186, 187 
Puccmta tTiticma, 207, 210, 222, 236, 
363 

Pucemtastrum spp , wall layer dcposiboo 
m host, 223 

Purine analogues, effect on viruses, 105, 
486. 498 

Purues, m vims nucleic acids, 77 
Pycnidia, 138, 158 
lycmosporcs, 150, 432 
Pycnosis, chromosomes, 539 
Pyrenomycetes, penthecium of, 143 
Pyridin^ mactivabon of viruses by, 484 
Pyrimidine analogues, effect on viruses, 

73, 105, 486, 498 

PyTimidines, m virus nucleic acids, 77 
Pyritluamme, 525, 533 
Pyronema confluens, 141, 144 
PjTUvic acid accumulabon, Fusartum 
rosc« 7 », effect of captan, 520 
Pyniwc oxidase from mitochondria, in- 
hibition by captan, 529 
Pytiuum, enzyme production in vitro, 

282 

germmabon of sporangia of, 132 
host range, 278 
predisposition of barley to, 318 
root rot. 27, 49. 274, 317 
totui production by, 320 
zoospore formaUon, 129 
Fythtum dcbanjanuni, 20. 29, 219, 220. 

303 
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Pijthtum uUmum, 26, 47, 158 
Q 

Quarantines, 57 

Quaternary ammonium compounds, cidal 
action of, 573 

8 Qumolmol, effect of 2mc on toxicity 

of, 567 
oxme, 586 

8 Qumolmol derivatives, oil water par- 
tition, 515, 555, 556 

8 Qumolmol molecule, structure of, 565 
8 Qumolmols, relation of toxicity and 
ionized state, 554 

8 Qumolmol 5 sulfonate, solubility of, 

566 

Quinones, detoxification of, 528, 536 
effect on enzymes, 527, 565 
effect on spores of MontUnia fructtcola, 

527 

methods of poisonmg, 590 
mutagenic effects, toot tips, 539 
permeation and detoxification effects, 

528 

R 

llabbit sera, effect on virus mfecUvity, 
488 

Uabics virus, virulence cliangcs m, 391 
Race, phenotype for pathogcmcily, 363, 
433 

phjsiologic, pathogenic charactcnslics 
of 301, 432 

Race hybrids, Puccinia graminis, muta- 
tions in, 302, 415 

Races, pathogenic, identification in vitro, 
SOI 

origin of, 363 

Races Pticctnla grammls, crossing of, 433 
Races of parasites, by somatic mutation. 
36 

Radiation, effect on viruses, 408, 499 
llicory of action on spores, 190 
RadioacUvity, turnip yellow mosaic vims 
particles, Ircalmcnt, 83, 84 

Radiocalcmm, accumulabon In wheat in- 
fections, 3 to 

Radiocarbon, accumulation In cereal 
lca\cs, site of Infection, 2-12 


m vims infected leaves, 82 
in wheat infections, 346 
Radionitrogen, use m tobacco mosaic 
vuus tests, 94 

Radiophosphorus, accumulation m m- 
fected tissues, 345, 346 
accumulation m mycorrhizal root tips, 
beech, 295 

mcorporation into viruses, 474 
Radopliolus, endoparasite, control of, 617 
Radulospores, formation on stengmata, 
133 

Ramularui vallisamhrosae, effect of hu- 
midity on conidia, 136, 160 
Reactivation, ultraviolet mactivated virus 
parbcles, 470 

Recombination, mechamsm of variability, 
plant pathogens, 361, 413 
Recombmation, parasexual, 375 
Red cedar, production of galls by Gym 
nosporangtum jumperi virgmtanae, 
31 

Rcniform nematode, Rotylenchus rent 
formts, 618 

Reproduction, asexual, 128 
bacteria, 118, 122 

pathogenic fxmgi, effect of environ- 
ment, 118, 157 

Reseda odorata, infection by Plasmodto- 
plwra hrassicae, 278 
Resistance, agamst downy mildews, 29, 
55 

against leaf mold, dominant genes m 
tomato varieties, 412 
breeding for, role of pathogenesis, 45 
effect of nematodes on, 614 
genes for, relation to mst genes for 
virulence, 437 

mduced by prior infection, 262 
loss of, 44. 228 

relation to type of pathogenicity, 52 
smglo gene difference m host, 364 
to fungiudcs, 389, 538 
to obligato parasites, 242 
to pathogens, by mhibitory materials, 
245 

to root disease, 2S6 
to \Mlt organisms, 28 
Resistance genes, Ilax sarictlcs, 411 
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Resistance of host, to root rot or- 
ganisms, 27 

Respiration, Aspergillus ntger, effect of 
carbon dioxide on, 191 
endogenous, effect of cyclohexumde 
on, 532 

host cells, effect of tovins on, 259 
m plant diseases, effect of pathogen 
on, 347, 348 
in rust mfections, 31 
m spores and mycehum, 179 
Respiratory quotient, Neurospora crassa, 
180 

Rhizobia, root nodules, characteristics of, 
298 

Bhizobium, host infection by different 
strams of, 300 
numbers m soil, 298 
Rhizobtum leguminosarum, commensal 
relations with host, 21, 32 
transmission of tumor inducing abiUty 
to, 449 

Rhtzobium tnfoln, relations with Trt 
folium suhterrauoum, SG2 
Witzobtum sp , effect of pancreatic nbo- 
nuclease on bacteriophage infection, 
87 

Rhizoctonui, disease of cotton, disease 
complex with root knot nematode, 
613 

host range, 278 
rots caused by, 274 
Rhtzoctonia crocorutn, mfection require- 
ments of, 282 
parasitism of carrots, 504 
Rhtzoctonia solant, effect of root ex- 
cretions on growth, 320 
germination of basidiospores, effect of 
medium, 169 

movements of nuclei in, 369 
nuclear behavior m spore formation, 
365 

pathogen on seedlings, 26 
stimuli affecting production of infec- 
tion cushion, 230 
structure of sclerotia, 127 
toxin production by, 317 
virulence of sectors, 384 
Rhizomorphs, root pathogens, function 
of, 168 


Rhizoplane, defimtion of, 288 
Rhizoplane microfloras, concept of, 307 
Rhtzopus, optimum temperature, spore 
gennmahon, 181 

production of nonmotile spores, 131 
zygospore formation, 142 
Rhtzopus artocarpi, secretion of pectm- 
ase, 303 

Rhtzopus mtcrosporus, secretion of pec- 
tinase, 303 

Rhtzopus necans, production of storage 
rot, hly bulbs, 25 

Rhtzopus nigncan^, effect of ethylene 
dnsothiDcyanate on, 582 
effect of nabam on, 582 
hydrolysis of pectm by, 303, 338 
infection mechanisms of, 241 
negative tropism of germ tubes, 193 
plant pathogen, 131 
production of mold of drupe fnuts, 
25 

Rhtzopus sexualis zygospore formation, 
141 

Rhizosphere, antagonists m, effect of host 
secretions on, 235, 291 
definition of, 288 
pathogen relations m, 288, 289 
Rhizosphere microflora, concept of, 307 
differences m resistant varieties, 234, 
289 

effect of infected pea on, 290 
of temperature on, 291 
effect on uptake of salts by roots, 
293 

host pathogen relationships, 274 
relation to production of antibiotics, 
in Situ, 289 

Rhodanines, structure activity of, 584 
Rhodopseudomonas spherotdes, carote- 
noid deficient mutants of, 188 
Rhoeo discolor, water movement m, ef- 
fect of fusanc acid, 327 
\\atcr permeability, effect of bcomar- 
asmm on, 330 

Bhtfttsma, formation of apolhccia, rela- 
tion to food suppb, 157 
Rhyttsma acCTtnum, ascosporcs and isa 
of, 146, 147 
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pycmdia production, 144 
Ribonuclease, elFect on ribonucleic aad, 
497, 498 

Ribonucleases, effect on virus infectmty, 
79. 80, 83, 87, 489 

Ribonucleic acid, absorption of ultra- 
violet light, 470 

agents producing in vitro inacbvalion, 
496 

effect in germination of Aspergillus 
niger spores, 180 

effect of sucrose on escape m turnip 
yellow mosaic virus, 466 
mactivation by ribonuclease, 490 
of tobacco mosaic virus, effect of 
antiserum on, 489 
effect of formaldehyde on, 482 
of pH on infecUvity of, 478 
of sodium dodccyl sulfate on, 484 
infcctivity of, 462 

kinetics of heat inactivation of, 465 
separation from virus protein, 472 
viruses, infectivity of, 75, 77, 409 
Riboso, in large plant viruses, 75 
niboso-s phosphate, oxidation, inhibition 
by captm, 529 

Rice, bakanae disease of, symptoms 344 
resistance to Ptnculana ortjzae. 219 
Rice blast, Piricularia ortjzae, 323 
role of Q-picolinic acid in, 334 
Rico seed, eontrol of Apheknchoules 
besscyt, 615 

Rico codling,, elfcct of coehliobolm on. 

Ring spot xirus acquired resistance of 
tobacco to, 34 

ui s>Tnptoinlcss leaves, 94, 95 
Root, condibons limiting infection of. 

279, 2S0, 2S6. 287 
Root diseases, classification of, 271 
Root excretions, cotton, analysis of, 201 
effect on microQora, 194. 2S9 ‘>00 
307 ’ “ ’ 

on pathogens, 231, 235 
on saprophytes, 37 
on sixiro gcrmmalion, 171, 178, 279 
nature of, 291 

role in resistance of |)ca to Fusanum 
oxijsjx>Tum { pUi, 26, 399 


tropism of nematodes to, 205 
Root mfectmg pathogens, behavior pat- 
terns, 281 
host range of, 277 
legumes, process of, 300 
Boot infections, biology of, 280 
effect of root exudates on, 279 
leading to hyperplastic diseases, 275 
pathogens in, 275 
and symbiosis, 293 
Root mvasions, role of toxins m, 317 
Root knot nematode, control of, 606, 
619, 629, 630 

Root knot nematode, effect on crop loss 
of cotton with Fusanum wilt, 613 
effect on tomato resistance to 
Fusanum, 613 

on hma beans, effect on mineral 
content, 612 
Nacobbus sp , 618 

Root knot nematodes, host penetration 
by, 618 

Root parasites, mycelial stage, 29 
Root rot of grams, disease complex with 
meadow nematode, 613 
Root rots, control methods, 60 
dependence on environment, 47 
Root rottmg diseases, 26 
Roots, hyperplastic diseases, 306 
infection by Plasmodtophora brasstcae, 
219 

virus associations with, 308 
Roses, effect of Pratylenchus vulnus on 
mineral content, leaves, 612 
Rothamsted tobacco necrosis vims, ef- 
fect of sodium chloride on, 480 
of sodium citrate on, 483 
of temperature on, 99, 100 
inactivation by system in tobacco 
leaves, 102. 494, 495 
multiplication and mactivation of, 94 
products of mfection, 8*4 
Rots, of storage organs, control of, 60 
Rotylcnchus, cctoparasitic nematode, 610 
Rotylcnchus reniformis, control with 
14J-<hbromo-3-cliloropropanc, 018 
disease complex vvitli Fusarium uilt of 
cotton, 613 
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Row treatments, with nematocides, 610, 
611 

Rubidium, accumulation by comdia of 
Neiirospora crassa, 176 
Rumex acetosa, virus tumors from, effect 
of dyestuffs, 485 
wound tumors m, 308 
Russula, spore characteristics, 152 
Rust, effect of cultural conditions on 
tehospore germmation, 171 
effect on host metabolism, 31 

of humidity on uredospore survival, 
173 

pH on uredospore germination, 186 
of potassium on susceptibility, 51 
of temperature on uredospore ger- 
mmation, 181 

of water on spore germmation, 184 
germmation of uredospores, 170, 178, 
191 

longevity of sporidia, 172 
necrosis of host cells, 31 
negative phototropism of genmnatmg 
uredospores, 188 
physiologic races of, 360 
susceptibility of immature tissues to, 
219 

nheat, evolution of races, 41 
Rust conditionmg genes, Sax, 441 
Rust hyphae, intercellular growth, 241 
Rust races, wheat resistance to, 41 
Rusts balanced parasitism m, 306 
genetic resistance to, 55 
heteroecism in hfe cycles, 30 
heterothallism in, 150 
intercellular mvasion 30 
as obbgate parasites, 24 
as pathogens, 30 

physiologic specialization in 431, 453 
rate of mutations for pathogenicity, 
415 

sexual phenomena m, 432 
spore numbers produced by, 362 
Rye, resistance to snow mold role of 
2,3 benzoxazolmone, 317 
Rye seed, effect of organic mercury 
fungicides, in inducing tetraploidy, 
541 

Rye stem rust, hybrids with wheat stem 
rust, 435 


Saccharomyces carhbergensis, multiplica- 
tion by budding, 126 
Saccharomyces cerevtstae, effect of 

dialhyl dithiocarbamyl compounds, 
519, 530 

effect of radjation, 342 
Saccharomyces pastorianus, effect of 
metals on mversion growth, 529 
tolerance to cydoheximide, 537 
Saccharomyces ludwign, ascospore con 
jugation m, 143 

Salicylaldehyde, accumulation in soil, 
317 

effect on spore germmation of I7ro- 
cystts trttici by roots, 279 
relation to fungal mvasion, 26 
Salicylic add, inacbvaiion of viruses by, 
484 

Salt, effect on precipitation of virus by 
ethanol, 484 
m food preservation, 574 
Saltation, as cause of variability, 380 
effect of medium on, 381 
implications in fungus taxonomy, 383 
m^anism of, 382, 383 
and pathogemcity, 383 
role m evolution of parasitism, 384 
stability of, 381 

Salts, heavy metal, antibacterial action 
of. 572 

Salt solutions, effect on stabihty of to- 
bacco mosaic virus ribonucleic acid, 
480 

Sap, effect on viruses, 492 
Saprolegniales, sexual organs of, 140 
zoospore formation, 129 
SapTolegpta spp effect of food supply on 
chlamydospore formation, 127 
Saprophytes, opportunistic, effects on 
hosts, 23 

m roots of diseased plants, 3S0 
soil, relation to plants compared Midi 
m^^corrhizal fungi, 297 
Saproph^tism, de%elopment to parasitism, 

46 

Scab, ongm of term, 7 

Scali^ apple, oxygen deficiency disease, 5 
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Schistosoma mansom, method of penetra- 
tion by, 215 

Schtzosaccharomyces octosporus, ascus 
formation m, 143 
division by fission, 126 
Scleroderma, mycorrhiza formation by, 
294 

Sclerotia, accumulation of reserve foods 
in, 128 

comparison with spores, 167 
formation by pathogemc fungi, 127 
Sclerottnia, apolheemm morphology, 149 
effect on nodulation by Rhtzobtum 
trifohi, 802 
host range, 278 
morphology of sclerotia, 128 
secretion of enzymes by, 274, 275 
sporulation, 134 
tolerance to poisons, 394 
Sclcrotmio fructicola, antagonism of 
toxicity of 2-heptadecyl 2- 
imidnzolmc, 525 

effect of light on sporulation, 161 
2-hcptadccyl 2.imidazoline as coropet- 
itivo antagonist, 563 
sporo germination of, 170. 184 
tolerance to copper sulfate, 394 
Sclcrohnia jructigcna effect of humidity 
on sporulation, 160 
effect of light on sporulation, ICO, 161 
inactivation by apple tissue of poly 
galacturonase of, 255 
resistance of apple to, 255 
Sclcrotinia gladwlt. apolhecia of, 144 
gencUc ^ studies of ' spcnmtization," 

Sclcrotinia hbcrtiana, mfLcUon hypha of, 

Sclcrotinia minor, sectoring m. 383 
Scicrotinta sclcrotiorum, effect on per- 
mtabilit), host cells, 303, 304 
sclerotia bearing stalked apothccia, 
147 * 

sectoring m, 333 

Seferotintj spp , water requirement for 
spore germination, 181 
Sekrotiuia tnfoltorum. sectoring in, 383 
SclcTotium ccpicontm, effect of onion 
roots on sclerotia gcmimatfon, 19-1 
limited infection, Mhum, 278 


root mfection symptoms, 276^ 
Sclerotium delphmu, tolerance to ar- 
semte, 393 

Sclerotmm rolfsit, effect on pH of media, 
257 

tolerance to arsemte, 393 
Secretions of host, effect on fungal spore 
germination, 236 
effect on pathogenic activity, 234 
Sectoring, expression of, 380 
Seed, disease free, use m avoiding dis- 
ease, 57 

Scedhng diseases, control methods, 60 
dependence on environment, 47 
Seedling metabolism, prevention by soil 
sap ophytes, 25 
Seedlings, rhizosphere of, 289 
Seed treatment, m suppressing patho- 
gens, 58 

Segregation, pathogenicity and mating 
type factors, smuts, 419 
transgressive, in inter race hybrids, 
429, 430 

Segregation for pathogenicity, in asco- 
spores, 443 

Selection pressure, m smuts, 430 
Selenate, effect on algae, relation to sul- 
fate concentration, 519, 524 
Selenomethionine, synthesis from sele- 
natc, 524 

Senescence, premature, m diseased host, 
349 

relation to virus susceptibility, 488 
Septona aptt, conidia of, 135 
Sc^picslration, of metal ions, factor in 
virus cstabhslunent, 497 
Serology, products of vmis infections, 84 
Sevamum indtciim, rhizosphere of, 290 
Sexuality, bipolar, in cereal smuts, 418 
multipolar, smuts, 418 
Shading, effect on susceptibility to 
viruses, 07 

Shoots, plants, effect of nonnal flora on 
pathogens, 235 

Silver, accumulation by spores, 170, 509, 
557 

combmuig ability with sulfli) dry] 
groups, 560 

effect on ^tonihnia fructicola sjxircs, 
577 
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on permeability of conidia, 520 
Skynn, bianthroquinone, producbon by 
Endothia parasttica, 323 
SniiUs, compatibility with host celk 243 
concept of hybridization, 421 
diversion of host food, 31 
effect of cultural conditions on 
chlamydospore gennmation 171, 
191 

germination of spores to form hastdn, 
153 

growth on artificial media, 244 
hybridization m, 417, 423 
infectivity of monosporidial fines 423 
inheritance of pathogenicity on oat 
varieties, 427 

intersnccifie crosses in, 421 
mutations in, 416 

pathogenicity of, relation of haploid 
to dikaryon stages m, 417 
pathogenicity ratios in, 419 
penetration tube of, 212 
promycelium of, 153 
race differentiation in, 362 
Selection pressure m, 430 
sexual phenomena in 418 
spore numbers produced by, 362 
variation in the haplophase, 417 
Soaking, effect on spore germination, 
rust and smut fungi, 171 
germicidal properties of, 573 
Sodium arsenite, tolerance of fungi to, 
in culture, 393 

Sodium chloride, effect on Rothamsled 
tobacco necrosis virus, 480 
Sodium diethyldithiocarbamate, oxida 
tioa to antabuse, 535 
Sodium dimethyldithiocarbamate, effect 
on oxidation of glucose in Sacchar 
omtjces cerevtstae, 530 
zone of inversion growth, Saccharo 
myces pastonanus, 529 
Sodium dodecyl sulfate, separaUoa of 
virus protem from ribonucleic acid, 
484 

Virus preparation treatment, 79, 80 
Sodium hypochlorite, effect on Stem 
pfit/hum sarctnaefonne, 569 
oxidizing abibty correlated vvitli toxic 
ity, 578, 579 


Sodium-iV methyldithiocarbamate nema- 
tocide application as drench, 626 
soil fungicide, 584 
structure of, 580 

Sodium nitrate, effect on viruses, 483 
Sndmm selenate, systemic nematocide 
615 

Sodium thiocyanate, effect on sporula- 
tioa, 543 

Soft rot lesion, pathogenic effects in, 
256 

Soft rots, cell separation along middle 
lamella, 253 

role of pectinase enzymes, 65 
Soil, effects on pathogenicity, 286 
infertile association of a methyl iso~ 
nfeotime acid with, 334 
interaction with pathogens and host, 
273 

pathogens in, relation to host, 302 
Soil bacteria, parenchyma diseases 
caused by, 274 
Soil borne wilt organisms, 27 
Soil composition, effect on nematocido 
use, 630 

Soil disinfection, m suppressing patho 
gens 58 

Soil envuonment as factor m root dis 
cases 286 

Sod factor, effect on spore germination 
193 

Sod fumigants, methyl bromide, 607 
Sod fumigation, effect on available 
nitrogen, 612 

Sod fungi, parenchyma diseases caused 
by, 274 

Soil microbiology, as a science, 274 
Soil microflora, effect of root exudates 
on, 290 

Soil microorginisms, control methods, 62 
Sod moisture, effect on ncmatoade dif- 
fusion, 630, 632 

Sod n^matocidcs, applied as drenches, 

626 

method* of appl>mg, 622 
Sod pathogens, 274 

Sod preparation, for nematocide effec- 
tiveness, 633 

Sod properties, influence on ncmatocidcs, 

62S 
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Soil saprophytes, prevention of seedling 
metabolism, 25 

Soil sickness, role of picolimc acid m, 
20 

Soil sterilization, effect on microelement 
deGciencies, 293 

Soils, organic, effectiveness of nemato- 
cides in, 631 

production of antibiotics in situ, 283 
Solanme, m potato, role m resistance to 
disease, 245 

in tomato, effect on spore germination 
of Cladosponum fulvum, 246 
Solanum demtssum, genes for resistance 
to Plujtophthora tnfestans, 55, 414 
Solanum dulcamara, mfection by Syn- 
chytrium endobtoticum, 278 
Solanum nigrum, mfection by Stjrchyt 
fium cndoZnottcum, 278 
Solubility, m lipids and water, relation 
to toxicity, 556 

in water, relation to toxicity, 555 
SoUents, orgamc, effect on viruses, 484 
Sorbose, effect on number of nuclei m 
macroconidia Neurospora crassa 
169 

Sordarta, perithecmm morphology, 148 
Sordana fimicola, ascospores of, 146 
perithecmm of, 147 

Sorg/jum dochna var irungu, Aspergillus 
spp m rhizosphere of, 290 
Sorghum smuts hybridization m, 423 
Sorghum vulgare var dochna, root exu- 
dates from, 292 

Sorojponum rciUanum. crosses with 
Sphacclothcca species, 422 
Sorosponum st/nf/icrwmac, hybnds wlh 
Sphacclothcca panici mxltacet, 424 
Sonis tj-pc, smuts, inhentance of, 421, 

Southern bactcnal wilt, Fseudomorua 
solanaccarum, 333 

Southern bean mosaic Mnis, nucleic 
acid in, 73 

on bean, effect of c)tovinn on infec- 
tion, 191 

So>bcan, nature of root excretions from 
292 


Species hybrids, Usitlago, dommance of 
pathogenic traits, 424 
Spectrophotometry, 65 
Sphacelotheca, saltation, effect of media, 
381 

Sphacelotheca cruenta, crosses with 
Sphacelotheca species, 422 
hybnds with S sorghl, 424 
mfectivity of hybrid with S sorghi, 
424 

Sphacelotheca pantet miliacei, hybrids 
with Sorospormm syntherismae, 424 
Sphacelotheca reiltana, see Sorosponum 
retlianum 

Sphacelotheca sorght, crosses with Soro 
sportum retltanum, 422 
hybrids with S cruenta, 424 
mfectivity of hybrid with S cruenta, 
424 

Sphacronema, pycnidia morphology, 138 
Sphaeropsidales, conidiophores of, 137 
pycnidia of, 133 

Sphaerotheca, ascus formation, 147, 148 
Sphaerotheca humuU var fulgmea, ef- 
fect of humidity on conidia produc- 
tion, 160 

Spinach, mhibitory action of sap on 
vmises. 494 

Spirogyra, water permeabihty, effect of 
fusanc acid on, 327 
Spongospora suhterranea, effect of Da- 
tura stramonium on spore germma- 
tion, 279 
host range, 278 

Sporangia, Rhizopus nigricans, 131 
Sporangioles, production by Mucorales, 
131 

Sponmgiophores, Phytophthora tnfestans, 
effect of humidity on, 159 
Spore, definition of, 167 
resting, ecological advantage of, 171 
Spore formation, bactena, 120, 121 
conidial fungi, 138 
effect of toxic substances of host on, 
157 

movements of nuclei dunng, 365 
Spore germination, buffer effect on pH 
response curve, 180 
critcna for, 168 

economically important fungi, 108 
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effect of altemanc acid on, 322 
root exudates on, 279 
temperature on, 180 
of visible bght on, 187 
of Oxygen and carbon dioxide on, 

191 

of the biological environment, 192 
Fusarium oxtjsporum f pisi, effect of 
pea root exudates on, 235 
inhibition by visible hght, 188 
inhibitors of, in apple leaves, 240 
of mutants, nutritioml requirement^ 

178 

process of, 169 
responses to light, 168 
role of respirable substrates in, 180 
on soha substrates, 183 
temperature response curves, 182 
time course of, statistical, 170 
Spore longevity, affected by changes m 
endogenous metabolism, 173 
effect of temperature on, 174 
Spore nuclei, effects of ultraviolet radia- 
tion on, 190 

Spore penetration, by fluonde, 176 
Spore production, dependence on genetic 
factors, 370 

Spore respiration, isotopically labeled 
glucose m, 179 

Spores, ability to accumulate toxicants. 
509 

as agents of disease spread, 134 
asexual, production by plant patho- 
gens, 128 

Bacillus mycoides, analysis of, 121 
bacteria, survival value of, 120 
entrance of ions into, 176 
food reserves of, 139 
functions of, 167 

germinabng, effect of pH on entry of 
nutrients, 186 
metahohsm of, 168, 180 
tolerance to low humidity, 184 
germination, latent penod of, 168 
immature, temperature range for 
germination, 182 
longevity of, 172 
maturation and dormancy of, 170 
methods of preservation, 175 


raultmucleate, ratio of deoxynbonu- 
cl«)protem to cytoplasm, 169 
nutrition and metabolism, 176, 177 
oi^gen uptake by, 179 
penetration by cations, 577 
physiological dormancy of, 171 
process of germination of, 169 
reversal of poisoning by oxme, 587 
sexual, function of, 139 
Sexual and asexual, 167 
species character of rate of germma- 
tion, 170 

survival of sexual and asexual, 172 
Synchyfrlum endobioUcum, viability 
of, 139 

thick walled, effect of enzymes on, 
172 

ungennmated, metabohsm of, 179 
Spore secretions, in fungicide mobiliza- 
tion, 508 

Spore swelling in geimmation process, 
185 

Spondia, smuts, fusion between, 418 
Sporobolotnyces, epiphyte on plants 127 
Sporulation, effect of fungitoxicants on, 
542 

fungi, effect of bght on, 161 
relation to nutrients m host, 157 
Sprays, fobage, in suppressing patho 
gens, 58 

Sprout mycelium, formation by yeast 
like fungi, 127 
Stability, viruses, 72 
Staining, vital, m sensitization of fun- 
gus spores to bght, 187 
Staphylococcus aureus, effect of anta- 
buse on respiration, 530 
Stem apical menstems, occurrence of 
viruses in, 95 

Stem and bulb nematode, control with 
methyl bromide, 615 
Stem cankers, by facultative saprophytes, 

29 

Stemphylium saremaeforme, effect of 
ammo acids on copper sulfate toxic- 
ity. 530 

of lysozyme on, 569 
of mycelial extract on phenols and 
quinones, 538 

Stercum, roorpoholgy of fnut body, 154 
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Stereum purpureum, gum material as 
host bamer to, 223 
Stengmata, arrangement of basidiospores 
on, 151, 152 

Sterility, interspecific, in Usttlago hy 
brids, 424 

Stigmatea roberttanum, ascospores of, 
146 

Sting nematode, control with ethylene 
dibromide, 616 

Stomata, entry of bacteria through, 118 
Stomatostyle, nematodes, 616 
Stone fruits, bacterial canker of, 341 
Storage rots, dependence on environ- 
ment, 47 

Storage rots and decays, resistance to 
53 

Strawberry, Aphelenchoides utzema-bosl 
as ectoparasite, 614 
tannins from, effect on tobacco mosaic 
virus, 493 

StTeptomijces, comdia formation, 134 
production of arthrospores, 133 
spore formation by, 123 
Streptomycea gnseus, photoreactivation. 
189 

Streptotnyces scabies, heterokaryosis in, 

pathogen host relationship, 304 
potato resistance to, role of chloro 
genic acid, 245 
potato scab, 123 

Streptomyces sp antibiotic from, effect 
on fungus cells 177 
dillusate, eSccl on Chmerella cmzu 
lata. 570 

Strcplomycin, stnins of M, cococcus re 
sistant to, 538 

Stromata, production on sclerolia 128 
Strontium nitrate, effect on tomato 
bushy stunt virus, 480 
Strontium silts effect on tobacco mosaic 
'irus, 480 

structure activity data, from screeniuE 
programs, 593 

Stylet, nematodes, role m penetration of 
host, 204 

Subeiin, deposition in iijlU of diffcren- 
tialcd cells, 261 


formation of intercellular hydrophobic 
surface, 225 
m cell walls, 206 

resistance to attack by pathogens, 281 
Subcrin formation, effect m locahzmg in- 
fections, 204 

Subenzation, role of oxygen tension m, 
227 

Substrate, role m selection of variants, 
389 

Substrates, action with toxicants, 558 
Succinic acid, effect on uredospore res- 
piration of Fuccima grommts, 31 
Succinoxidase, effect of dialkyldithio- 
carbamates on, 531 
mitochondria, inhibition by lycomar- 
asmm and fusanc acid, 259, 285 
Sucrose, effect on escape of ribonucleic 
acid, turnip yellow mosaic virus, 
466 

as substrate for spore respiration, 179 
Sugar, assimilation by macroconidn of 
Fusanum solam, 179 
in food preservation, 574 
Sugar beet, Aphanomyces as root patho- 
gen on, 27 

secretion of toxic materials, 20 
Sugar beet mosaic virus, mechanical 
transmission of, 492 
Sugar beet nematode, control m chy 
soils 632 

Hetewdera schachtu, control of, 606 
Sugar cane, predisposition to Pythium 
root rot by sahcylaldehyde, 317 
Pythium as root pathogen on, 27 
resistance to Physalospora tucumanen- 
SIS, 224 

Sulfanilamide, analogue of p ammoben- 
zoic acid 524 

antimetabolite of p aminobenzoic 
acid, 555 

compebtive mhibitor of p-aminoben- 
zoic acid, 562 

effect on Trichophyton purpureum, 
543 

Sulfhydryl compounds, effect on copper 
toxicity, 576 

reactions to form nontoxic derivatives, 
536 

Sulfli^drv] groups, reaction of 2,4 di- 
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chloro-6- {o-chIoroanihno)*^-tna 2 me 
%vith, 559 

o£ l-fluoro-2,4-dmitrobenzene with, 

559 

Sulfur, antimetabolic activity, 525 
colloidal, toxiaty of, 578 
effect on oxjgcn consumption in 
fungi, 526 
fimgitoxicity of, 577 
metabolism by fungi to hydrogen sul- 
fide, 536 

oxidant action of, 572 

spore germination requirement for, 

177 

toxicity of, relation to solubility, 555 
VentuTia mutants deficient for, 447 
Sulfur mustards, effect on viruses, 540 
Sulfur poisonmg, theories of action, 578 
Surface active agents, ionic, germicidal 
activity of, 525 

Surface tension, effect of surfactants on, 

573 

Surfactant, molecular properties of, 572 
Surfactants, 573 

anionic, effect on gram positive bac 
teria, 574 

effect on tobacco mosaic virus protein, 
574 

Swellmg, in spore germmation, 170 
Symbiosis, 10 

mycorrhizal fungi and tree roots, 273 
Symptoms, nammg of diseases from, 7 
Synchytnum endobioUcum, host range, 
278 

hyperplastic disease, 275 
moculum concentration for infection. 


isogamous fusion in life cycle, 13£> 
production of zoospores, 130 
spore germmation, effect of potato 
plant secretion, 279 
“summer sporangia" of, 158 
Synchytnum taraxad, “summer spor 
angia" of, 158 

Synergism metliod, genetic stu 

duced mutants. Vcnluria, 447 
Systox, nso m control o£ rlcnl rnd bulb 
nematode, 615 


Tabtoxmme, m tobacco wildfire, 37, 65, 
339 

Tinnins, degradation by enzymes, En- 
dothta parasitica, 246 
m virus mhibition, 493 
Taphrina deformans, ascospore buddmg, 
147 

conjugation of ascospores m, 145 
effect of light on spore discharge, 160 
formation of sprout niycehum, 127 
Tirtaric aad, in root exudates, 292 
Taurine, mhibition of tobacco mosaic 
virus m IJicotiana gluttnosa, 486 
Teazle seed, control of stem and bulb 
nematode, 615 

Tehospore, meiosis, 150, 153, 432 
Tebosporcs, infection capabilities, 432 
Temperature disease curve, fusanose pea 
wilt, 287 

Temperature, effect on nematocidal ef- 
fectiveness, 632 
effect on storage rots, 47 
on viruses, 92. 98, 100, 101, 103, 
464 

on wheat stem rust on wheat, 363 
on yeast variants m culture, 387 
host, relation to bacteria multiplica 
lion, 122 

influence on spores 159, 174, 180, 182 
subzero, tolerance of fungi to, 174 
Tensile strength, of host barriers, 218, 
228 , 

1 4.TctiachIorobenzoquinone, cnloranii, 

590 , 

Tclrachloronitrobenzene, mutagenic ef- 
fects m Fusanum coeruleum, 539 
soil fungicide, 593 
tolerance of fungi to, 394, 538 
TclmctliyJlhiuram disulfide, effect on 
respiration, 530 

Tclrahydropyrimidmes, as physical toxi- 
cants, 586 

Tctrahymcna gelcil, effect of 8-azagiia- 
nmo on, 564 

pyriformls, effect of cy- 
clohcximldc on, 532 
Telmniclhylthiuram disulfide, see thiram 
Texas root rot, 50, 51 
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Thallospores, production from hyphae, 
133 

Thamniscophagy, arbuscle and sporan- 
giole digestion, 294 

Therapy, thermal, of virus diseased 
plants, 467 

Thermal agitation, effect on virus par- 
ticles, 464 

Thermal death pomt, fungi, 174 
of viruses, 464, 466 

Thiamme, deficiency m mycorrhiza- 
formmg fungi, 297 

tn vitro effect on tobacco mosaic 
virus, 485 

pyrithiamme as analogue of, 525 
Thiamine pyrophosphate, effect on cap- 
tan in yeast preparations, 526 
Thielaviopsts basicola, effect on rhizo 
sphere flora, 234 
formation of conidia, 135, 137 
host penetration by, 28, 53 
on tobacco effect of hydrogen ion 
concentration, 47 
Thigmotropism, m fungi, 205 
nematodes, 205 

Thiobisphenols, fungitoxicity of, 585 

592 ’ 

2-Thiooytosine counteraction of virus in 
hibition by uracil, 106 
Thiols, reacUon with a and )3-unsatu. 
rated ketones, 560 

Thiolutin effect on Glomerclla cmcu- 
lata 570 

Thiophosgene, role in action of captan 
589 ’ 

2-Thiothyinine countenction of virus 

inhibition by uracil, 106 
Tluouracil, effect on virus multiplica 
tion, 108, 107, 487, 488 
phj totoxicity of, 486 
Tliiram. effect on respiration and eenni- 
nation, 530 

fungicide, effect on Clomerella cinau- 
hta, 570 ^ 

microbial degradation of, 535, 581 
relation of toxiaty and concentration 
529 ’ 

tctramethjltliiruram disulfide Sco 
580 

tolerance by strains of fungi, 538 


Threonme, relation to tobacco mosaic 
virus, 78, 488 

Thymme, m deoxyribonucleic acid, m 
bacterial viruses, 75 
effect of sulfanilamide on Escherichia 
coU requirement for, 564 
on virus mhibition by 8-azaguanme, 
108 

TtUetia cartes, crosses with T foetida, 
427, 428 

mter-race hybrids of, 429 
patliogencsis of, 32 
seedimg mfection by, 305 
uptake of copper, 576 
TiUetia foetida, crosses with T. canes, 
427, 428 

Ttlletia leots, see Tilletia foetida 
Tilletia spp , chlamydospore germina- 
tion, 152, 153, 181 
homothalhsm m, 418 
Tilletia tritici, see Tilletia canes 
Tin, m fungitoxic organic compounds, 
593 

Tissue, enzymatic breakdown of, 25 
vascular, entry through, 222 
role m virus movement, 94 
Tobacco, bacterial diseases of, 36, 338 
black root rot, Thielaviopsts basicola, 
host penetration, 26 
effect of carbon dioxide on suscepti- 
bility to potato virus Y, 483 
of temperature on number of virus 
lesions, 99 

of thiouracil on, 107 
halo production, by analogues of 
methionine, 340 

inactivation of potato virus Y by ul- 
traviolet light, 473 
protection against potato virus Y by 
tricothecm, 492 

spread of Bacterium angulalum m 
leaves of, 226 

symptoms of clubroot disease of, 306 
Tobacco dust, as ncmatocide, 600 
Tobacco etch virus, double mfection 
with dodder latent mosaic, 95 
effect of freezing on mfectivity of, 468 
protection against potato virus Y, to- 
bacco, 109 
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Tobacco mosaic virus, acnflavm as sen- 
sitizer for light mactivation, 474 
ammo acids m strams of, 75, 76 
amount m plants with nutrient sup 
plements, 96 
m detached leaves, 98 
m mesophyll, 93 

attenuation by passage through Eryn- 
gium aquattcum, 386 
breakage of particles by freeze-dry- 
mg, 476 

m cultures of tobacco tumorous tis- 
sue, 97 

double infection with dodder latent 
mosaic, 95 

effect of acetic acid on, 478 
of antiserum on, 489 
of 8 azaguanme on, 487 
of carboxypeptidase on, 78 
of cytovinn on, 491 
of desiccation on, 476 
of ethanol on, 484 
of formaldehyde on, 482, 540 
of heat, 92, 94, 99, 103, 104, 465, 
467, 478 

of hydrogen peroxide on, 480 
of iodine on, 480 
of malachite green on, 485 
of naphthalene acetic acid on, 485, 

486 

of nitrous acid on, 479 
of P32 on infection by, 474 
of pepsin on, 491 
of pH on, 468, 478 
of pressure on, 476 
of nbonuclease on, 490 


of salts on, 480 
of surfactants on, 484, 574 
of thiamme on, 485 
of thiouracil on, 106 
of trypaflavm on, 485 


of trypsm on, 490 
of ultraviolet light on. 


86, 87, 470, 


471, 472 


of ultrasoimd on, 474 


of urea on, 482 


of X-rajs on, 469 
of zmc salts on, 481 
energy of acbvabon m heat denatura 


tion of, 465 


fragmentation and reassembly of, 79 
mfectivity with altered protein, 483 
infectivity of strams of, 102 
kmetic studies on loss of mfectivity, 
482 

latent period, 92 
lethal effect on mesophyll, 86 
mutation rate of, 409 
nucleic acid m, 74 
protem, 72, 91 

ribonucleic acid m, 77, 462, 480 
soil as source of infection, 280 
structure of, 409 
systemic infection of, 94 
Tobacco necrosis vims, content m meso- 
phyll, 93 

effect of agmg on infection of, 477 
of carbon dioxide on mfecUon, 483 
of environment on, 95 
of heat on, 467 
of nitrates on mfeebon, 481 
of organic acids on, 483 
of pH on infection, 479 
of pressure on, 476 
of nbonuclease on, 87 
of thiouracil on, 106 
of ultraviolet light on, 89, 470, 472 
of urea on, 482 
inactivation in vitro, 101 
nucleic acid in, 75 
physical properbes of, 465 
Q for heat macbvabon of, 465 
Sirtivabon of macbvated parbcles. 


ibonucleic acid constitubon of, 77 
oot mfeebon by, 281, 288 
urvival in soils, 308 
,acco nng spot virus, effect of am- 
monium sulfate on, 480 
of dr) mg on mfectivity of, 47o 
of freezmg on mfecbvity of, 463 
of pH on macbvabon of. 478 
MCtivabon by tobacco Iea%cs. in 
vitro, 102 
ucleic acid m, 75 

„ tobacco leaves, effect on vltns In- 
hibjtor in leaves 49n 
ccco seed, vuus mhibilor 1". ■<« 
,ncco stunt nematode antral "alb 
ethylene dibromide, OiO 
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disease complex with Fusanum wilt 
of tobacco, 613 

Tobacco viruses, mactivation of, 87, 102, 
484, 485, 494, 495, 496 
Tobacco wildfire, tabtoxinine from, 65 
Tobacco wildfire bacteria, pathogenicity 
of, 36 

Tolypophagy, formation of digestion 
clumps, mycorrhizae, 294 
Tolyposponum filtferum, long smut of 
sorghum, 422 

Tomato, effect of 3-acetyl 6 metho^- 
benzaldehyde on, 318 
of black walnut root secretions on, 
20 

of relative humidity on mfecbon by 
Cladosporium fulvum, 228 
fusaric acid injury to, 327 
genes for resistance to Cladosporwm 
fulvum, 413 

infection by Phytophthora tnfestans, 
398 

morphological symptoms m fusanal 
wilt, 332 

nature of root excretions from, 292 
resistance of vaneties to fusanal wilt 
288 

toxicity of captan to, 528 
Tomato bushy stunt virus, ammo acids 
in strams of, 76 

effect of agmg on infectivity of, 477 
of freezing on, 468 
of glycoprolem on, 493 
of organic compounds on, 484 
of pH on mfecbvity of, 468 478 
479 

on plant susceptibility, 

of strontium nitrate on, 480 
of temperature on mfectivitv 90 
100 ’ 

of urea on mfcctivity of, 482 
mactnated, ph)sicai properties of, 465 
nucleic acid m, 75 
products of mfecUon, 84 
protem separation by sodium dodeol 
sulfate, 184 ^ 

Qja for heat inactivation, 1G5 
rcacUvjilion of inactivated particles 
470 * 


ribonucleic acid constitution of, 77 
thermal inactivation tn vivo, 467 
Tomato cuttmgs, effect of Pseudomonas 
solanacearum filtrates on, 335 
Tomato roots, excised, effect on growth 
of mycorrhizal fungi, 297 
Tomato spotted wilt virus, effect of hght 
on amount of virus, 97 
m tobacco, effect of temperature on 
lesions, 99 

strains of, combmations of characters, 

90 

Tomato wilt, Fusartum, virulence of 
strains, 384 

Torulopsts units, permeability of mem- 
branes, 517 

Toxicants, action at cell surface, 518 
action by dissolution of cellular com- 
ponents, 569 
dehydration abihty, 570 
effect on cellular penneabibty, 520 
on enzyme systems, 560, S65 
half-chelated, 567 
hydrolysis by, 571 
mhibition of spore germination, 512 
lomc forms, permeation, 516 
irreversible action on cell membrane, 
520 

nonspecific, accumulation in the bio- 
phase, 515 

non-specific, effect on metabobc rates, 
569 

nonspecific, site of action, 515 
nonionized, 554 
organic sulfur compounds, 585 
osmotic pressure changes by, 574 
oxidation reduction changes by, 571 
physical mechanism of action, 521 
precipitation of cell contents, 570 
rate of reaction, 559 
relation to metabolic pathways, 523 
response of resistant and sensitive 
spores 518 

structural relation to vital substrates, 
562 

surface activity of, 572 
Toxicity, correlation of lipid solubibly 
wiUi permcalion, 514 
culture filtrates, VctliciUtum daJiliac, 
335 
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mechanism of ‘lethal synthesis,” 564 
metals, correlation with chelation, 575 
by mterference with metabolite en- 
trance, 519 
physical, 515 

8 qumolmols, relation to ionized state, 

554 

relation of chelation to, 556 
to chemical stabihty, 555 
to length of alkyl side chams, 568 
to solubihty, 555, 556 
selective, of fungicides, 522 

role of uptake and permeation, 518 
by selective solubihty, 568 
Toxin, agamst Pucctma glumarum, pro- 
ducbon by wheat plants, 51 
concept of, 315, 316 
Toxm, Endocomdwphora fagacearum, 
337 

Endothui parasiUca, 323 
fusanc acid as chelatmg agent, 258 
Helmxnihosponum satiwm, predisposi- 
tion of barley seedUngs to in- 
vasion, 318, 319 

Helmmthosportum metarule, 341, 342 
lycomarasmm, chelatmg agent, 258 
production by Verttalltum albo-atrum, 

334 

Toxin formation, by pathogen, 22 
Toxm production, by AUcrnarui, 321 
Toxins, Fusartum lycopersict, 28 

importance in diseases, 257, 316, 348 
m pathogenesis, 63, 316 
mechamsm of enzyme inhibition, 285 
obhgate parasites, action on host res 
piration, 259 

production and action of, 256 
production m vitro, by fungi and bac 
tena, 257 

proof of role by Kochs postulates, 6 
role m Fusanal wilt, 331 

m pathogenesis, 249, 257, 345 
m root mvasion, 317 
and vascular diseases, 323, 336 
Tragopogon pratense. Albugo tragopo- 
gonts in, 141 

Transduction, definition of, 448 
Transformation, in pliylopalhogenic bac 
tena, 448 


pneumococci, 390 

Transmission, viruses, methods of, 72 
Transpiration-absorption balance, effect 
of fusanc acid on, 327 
TranspinUion rate, effect of lycomaras- 
mm on, 333 

Tremella, morphology of fruit body, 154 
Tremellales, basidta morphology, 153 
s Tnazmes, effect on Neurospora «- 
tophtla spores, 521 

reaction of sulfhydryl compounds 

with, 536 

W-(TnchloromethyIthio)-4 cyclo- 
hexene 1 , 2 -dicarboximide, captan. 


528, 586 

Tnehoderma vmde, effect of hydro- 
cyamc acid on growth, 279 
growth m medium from flax roots, 
234, 235 

Tnehodorus, ectoparasitic nematode 616 
Trichogyne, m Pijronema confluens, 144 
Trtcholoma, thiamme deficiency m, 297 
Trichophyton crotenforme, anastomosis 
with T sulfureum, 579 
Trichophyton purpureum, effect of sulfa 
nilamide on spores and hyphae, 543 
Trichophyton sabourandii, anastomosis 
with T sulfureum, 379 
Trichophyton sulfereum, anastomosis 
with T crotenforme and T 
sabourandii, 379 

Trichophyton tonsurans, taxonomy of, 

379 

Tncholhecm action on tobacco mosaic 
virus, 492 

Tnchotltecmm. thallospore producuon 


by, 133 

^iJthecmm candidum, pathogenesis 
on Begonia lca\es, 392 
Khothecium roseum, effect of filtrates 
on tobacco mosaic mtus. 492 
.chothecolone, virus inhibitor, effect on 
host plants, 492 

.ethylenemelammc. effect on cell divi 
Sion, yeast, 542 , . i i, 

sul,lcm„cm thuobol reb 

oons 

ijdroxy naphthalene ton. bba «al- 
nut roots, 20 
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Tnmethyl arsme, from metabolism of 
arsenic by fungi, 536 
Triosephosphate, dehydrogenase, effect 
of dialkyldithiocarbamates on, 531 
Tnsteza disease of citrus, symptoms of, 
307 

rnficum dicoccum, genetics of wheat 
stem rust on, 433 

Tnticum monococcum, genetics of wheat 
stem rust on, 433 

Tnticum uulgare, genetics of wheat stem 
rust on, 433 

Tropaeolum majus, infection by Plas- 
modiophora brassicae, 277, 278 
Tropisms, m fungi, 170, 193, 205 
Trypaflavm, effect on tobacco mosaic 
virus, 485 

Trypsin, effect on bacterial protoplasts, 
514 

on viruses, 103, 490 
Tryptophan, 7 azatryptothan as analogue 
of, 524 

Tuber, apothecium morphology, 149 
Tuber aeitiium, ascospores of, 146 
Tulostoma stmuUins, stengmata arrange 
ment on basidium, 152 
Tumor inducing abiUty, crown gall bac- 
teria, transmission to avuulenl 
strains, 449 

Turnip yellow mosaic virus, 83 
effect of ethanol on, 484 
of heat on, 460 

inactivation m Chinese cabbage 467 
468 6 ' » 

mfcctivity with mcorporation of 8- 
azaguanine, 487 
nucleic acid in, 75, 77 
pH and temperature effect on ribo- 
nucleic acid separation, 479 
Ttjlencliorhijnclius, cctoparasitic nema- 
tode, 610 

Tijlcnchorhynchut chijtoni. disease com- 
plex with black shank of tobacco. 
013 

TijUnchulus sarupenctrans, control with 
<hbromo-3 cliloropropanc, 818 
T) loses, barriers m vascular tissue 

221 ’ ’ 
response to insasJon, 28, 224 


Tyroadme, effect on bacterial cell mem- 
branes, 520 

Tyrosme groups, conversion to duodoty- 
rosme m tobacco mosaic virus, 480 

U 

Ultrasound, effect on viruses, 474 
Ultraviolet light, effect on viruses, 470 
Ultraviolet radiation, effect on fungi, m- 
fluence of environmental factors, 

190 

on spore germmation, 190 
on susceptibihty to viruses, 86, 91, 
93 

on virus nucleic acid, 88 
inactivation of tobacco necrosis virus, 
89 

mduction of growth deficiencies m 
smuts, 421 

of mutations m Cladosponum fuU 
vum, 413 

m Fusanum oxysporum f p*st, 
373 

m Melampsora lint, 416 
in VentuTia, 447 
photoreversal of effects of, 191 
Uracil, counteraction of inhibitors of to- 
bacco mosaic virus, 106 
Uranium, toxic action to yeast, 519 
Uranium salts, mutagenic action on bac- 
teria, 410 

Uranyl lutrite, effect on respiration of 
glucose, 519 

Urea, effect on virus infectivity, 481 
Urease, effect of quinones on, 527 
Uredoson, rusts, development withm 
host, 158 

Uredospore germination, inhibition by 
leaf extracts, 192 

Uredosporcs, aerobic production of sclf- 
inhibitoiy substance, 192 
Uredospores (urcdiospores), germina- 
tion, 170 

Puccinia graminis f iritici, enzymes in, 
242 

of rusts, formation in sori, 138 
Urethane, mactwation of viruses by, 484 
Urocijilu tritlcl, pH range for chlamjdo- 
sporo germination, 166 
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stimulation of spore germmation by 
roots, 279 

Uromyces, suction pressure of hyphae, 
246 

Uromtjces fallens, spore germmation of, 

170 

Uromyces phaseoli, growth stimulation 
by germ tubes of uredospores, 193 
Uromyces ptsi, on Euphorbia ctjpanssias, 
heat therapy, 263 
Ustilagmales, diploidization in, 150 
Ustilaginales, longevity of chlamydo- 
spores, 172 

Ustilago, promycehum of, 153 
tolerance to poisons, 394 
Ustilago avenae, crosses with U koUert, 
422, 424 

mfectivity of mter-race crosses, 426 
range of pathogenicity of hybrids, 
425 

segregations of matmg type factors, 
420 

Ustilago btstortanum, m Polygonum 
bistortoides, site of spore production, 

243 

Ustilago bullata, hybrids with U hordei, 
424 

Ustilago hordei, hybrids with U bullata, 
424 

hybrids with U nigra, 422, 424 
hybrids with U nuda, 423 
Ustilago kollert, mutant, 426 
range of pathogenicity of hybrids 425 
hybnds with U avenae, 424 
Ustilago maydis, effect of fusanc acid 
and lycomarasmm on spore germina- 
tion, 325 

effect of oxygen pressure for spore 
germmation, 191 

of temperature on spore germination 
181 

mutants affecting virulence, 416 
physiology of, 31, 32 
solopathogenic hnes m, 418 
tolerance to sodium arsenite, 393 
Ustilago medians, see Ustilago nigra 
Ustilago nigra, hybrids with U hordei. 
422 

mfectivity of hybrid wth U hordei, 
424 


ongm from hybridization, 423 

Ustilago nuda, hybnds with U hordei, 
423 

Ustilago perennans, hybnds with U 
avenae, 422 

Ustilago spliaerogena, cytochrome c, 523 
effect of zme on growth habit, 543 

Ustilago spp , relative humidity and 
spore germmation, 184 
temperature and spore germmation, 
181 

Ustilago stniformis hordei, hybnds with 
barley smuts, 424 

Ustilago tritici, penetration of wheat 
pericarp, 211 

Ustilago vtolacea, association with host, 
306 

seedling infection by, 305 

Ustilago zeae, see Ustilago maydis 


Vacuum drying of spores, preservation 
method 176 

Valsa, vascular wilt diseases, symptoms 
275 

van der Waals bond, role m toxic action 
558 

Vanillm, accumulation in soil, 317 
Vanillic acid, secretion by sugar beet 
20 

m uredospores, Pucctnia gramints 
tntict 193 

Vapam application as drench, 622 630, 

631 , 

sodium N methyldithiocarbamate, 584 
Variability, mechanisms of, for plant 
pathogens, 361, 385 

Variation, pathogenic, in non sexual or- 
ganisms 450 

Vcnturui, bresding for resistance to, So 
tormaUon of peritheca. relaUon to 

food supply. 157 
mutations in. 442, 447. 443 
peritheciunl morphology, I4S 
Veoturm .mequda, Mnidia morphology, 

eu^^nto apple leases, 208. 209, 210 

213, 22S, 23S. 239 
hcterothallism m. 443 
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inheritance of pathogenicity in, 244, 
443, 444, 453 

mutations, pathogenicity of 445, 452 
occlusions m stem, m mfections of, 
222 

parasitic specialization of, 29 
relative humidity for spore germma- 
bon, 184 

role of phenols in apple leaf resistance 
to, 245 

ultraviolet radiation of, 538 
virulence alteration, 398 
Venfuria pirtna, conidia morphology, 137 
effect of water on conidia, 160 
penetration of pear leaves, 238 
role of phenols m resistance to, 245 
Vermicuhte, nematocide earner, 625 
Verticilhal wilt, cause of, 334 
role of enzymes m, 335 
of toxms, 335 
wilt symptoms, 275, 334 
V erttcillium, conidiophore morphology, 
136 

host range, 278 
vanation in, 156, 883 
VertiCillium albo atrum, conidiophore of 
135 

host range, 334 
inherent variability, 378 
polysaccharide production by, 336 
relative humidity for spore gennma- 
tion, 184 

VerttcilUum culture filtrates, induction 
of desiccation and necrosis, 335 
VertictUium dahltae, effect of culture 
filtrates on cotton shoots, 335 
Vesicles, production by mycoirhizae, 294 
View faha, effect of fungiades on root 
tip mitoses, 539 

View faha, penetration by Botnjhs 
cinerca, 238 

Victoria blight of oats, role of toxins, 341 
Victona blight toxin, nature of, 343 
Victoria oat, resistance to crown rust 44 
Victoximne, effect on oats, 343 
Virulence, of bacteria, effect of host pas- 
sage on, 410 

of bactena, effect of inorganic nitro- 
gen, 38 

fungi, extension of, 363 


microorganisms, changes in, 387 
relation to moculum potential, 265 
role of heterokaryosis, 373, 374, 375 
Vims, effect of aging, tn vtvo, 477 
effect of formaldehyde on, 482, 540 
of heat on, 99, 464, 467 
of morgamc compounds on, 479 
of metabobtes and anbmetabohtes 

on, 485 

of organic compounds on, 481 
of radiation on, 86, 91, 468 
of ribonuclease on, m vitro, 87 
of sulfur mustards on, 540 
of ultrasound on, 474, 475 
genetic recombination m, 90 
movement between cells, 85 
multiplication, 72, 91, 111 
nucleic acid and protein components 
of, 33, 73, 75, 463 
nature of, 71 
stmeture of, 74, 83 
similarity to normal nucleoprotems, 

77 

and biological activity, use of iH’ 
acbvabon studies, 498 
Vims antigens, effect of temperature on, 
100 

Virus antiserum, reacbon of vims inter- 
mediaries with, 82 
reaction of vims protem with, 80 
Vims content, cells, effect of temperature 
on, 92, 103 

Virus disease, effect of animal and micro- 
organism extracts on, 488 
effect of environment on resistance o 


plants to, 463 
host nutrition, 52 
of temperature on symptoms, lO^i 
466 


host resistance to, 56, 409, 488 
inhibitors and enhancers of, 105, 497 
Viruses, bacterial, deoxyribonucleic aci 

in. 75 

inacbvabon by ultraviolet light, 470 
mechanism of mfection, 85 
suicide effect from P®* content, 474 
chemical analysis of, 75 
differences from microorganisms, 


72 
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diversion of host food, 31 
as pathogens, 5 
root infection by, 280 
spherical, of thermal mactivation, 
99 

soil-bome, 274 

systemic, spread to vegetative tissues, 
94 

Virus “hybrids,” symptoms in host, 409 
Virus identification, use of thermal death 
pomt, 464 

Virus inactivation, 462, 463, 468, 472 
476, 495, 497, 498 

Virus mactivators, effect of temperature 
on, 102 

Virus infected leaves, anomalous com 
ponents of, 81 

Virus uifectivity, effect of disrupting 
virus particles, 80 
of drymg on, 475 
of freezing and thawmg on, 468 
m relation to leaf age, 101 
Virus inhibitors, combination with virus 

in tifro, 497 

from higher plants, mhibitory role m 
VIVO, 493, 494, 495 
specificity of, 106 

Virus movement, role of vascular tissue, 
94 , 

Vims multiplication, effect of secon 
vims on, 108 
inhibition of, 498 

relation to host nucleoprotein mela o 

lism, 73, 90 
to host physiology, lH 
role of small protem particles, 
simulation in vitro, 82 
Vims mutants, ammo acid components 

of, 76 

origin of, 409 

Vims nucleic acid, effect of pH on re- 
moval from protem, 479 
eff’ect of temperature on stability, 
of X-rays on, 469 
h>drolysis by nbonuclease, 87 
incorporation of inhibitors m, • 
498 

protection agamst mactivation y 
tern. 102 


Virus particles, effect of thermal agitation 
on, 464 

molecular weight of, 78, 79, 81 
noninfective, significance of, 80, 84 
stability m cells, relation to detection, 

85 

Virus protem, biological activity with 
altered ammo groups, 463 
protection of nucleic acid, 102, 497 
reaction with virus antiserum, 80 
Vu-us research, rapid development of, 


111 

Virus strams, attenuation, 386, 391 
detection of, 409 
development of, 386 
effect of temperature on occurrence of, 
104 

interactions between, m plant protec- 
tion, 108, 109 

Virus transmission, mechanical, 98, 107 
Virus tumors, Rumex acetosa, effect of 
dyestuffs on, 485 

Viscosity, tracheal sap, role in wilting, 


336 

tamm B from cotton root exudates, 

tamin K, effect on fungitoxicity o£ 
dichlone, 528 

tamms, Venturia mutants deficient lor, 
447 , , 

voioxin metabohc producUon by 

eoto“mrconc“? of. 'ff® 

ro^TpU” Ee, m 282. 283, 


pccUc substances of, 254 
iwelling, host reacUon to pathogen, 
22 

It, enliy of thizoinorph of 
OTiiioi-io mcUca into root of, -17 
cuoo by Xmliiomomt /uglomlrr. 
surface cxutlaUon, 120 
and spore gcrminaUon, 153 
■ balance, effect of lycomarasm.n 
a, 330 
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Water content, tissues, role in sus- 
ceptibility to infection, 247 

Water deficiency, nematode mfested 
plants, 612 

Water movement, effect of wilt patho- 
gens on, 260 

Water permeability, effect of fusanc acid 
on, 327 

Watersoakmg, effect on Fseudomonas 
tabaci infection, 37 

Wax, on leaf surface, effect on water 
film formation, 225 
on plants, as barrier to penetration, 
225 


on plants, chemical nature of, 237 
Weather, effect on disease, 14, 19.9. 

role m pathogenesis, 15 
Wetting agents, 594 
Wheat, accumulation of radioactive ele- 
ments m infections, 346 
barriers to Ophiobolus grammit, 9.9 a 
breedmg for resistance to Puccinta 
grominw, 41 

brown root rot, role of environment in 
host mvasion, 26 

inheritance of resistance to yellow rust, 
Pucanuj glumarum, 308 
predisposition to Pythtum root rot by 
sahcylaldehyde, 317 
Pythium and Ophiobolus grammts as 
root pathogens on, 27 
Ptjthium root rot, effect of nitrogen- 
phosphorus balance, 49 
resistance to races of rust, 41 
lalo-all disease, effect of mineral nu- 
trient balance, 48, 49 
Wheat nematode, recogniUon as patho- 
gen, 604 ^ 

Wheat pericarp, penetration by Ustilaeo 
tnltci, 211 ^ 

UTicat rust, factors for behavior, 436 
pathogenic nces of, 362 
role of hctcrokar)osis in virulence, 375 
'Vlical smut, hybridization with barley 
smuts, 124 ^ 

wlicat sicm nisls, crosses ruth rse slem 
rust, 135 ^ 

drstribulron of pI,,s,oIog,o races o„ 
v-hcat, 430 

mutations for increased virulence, 415 


pathogenic characters in selfed lines, 
433 

phenotypic variation of, 363 
racial crosses, dommance of pathogenic 
characters, 433 

Whiptail, cauliflower. Mo deficiency 
disease, 5 

Wildfire, tobacco, pathogenesis by bac- 
teria causing, 36 
Wildfire toxm, analysis of, 339 
antimetabohte of methionine, 341 
role in halo symptom, 348 
Wilt, bacterial, com, pathogenesis m, 
38 

vascular brovvnmg symptom, 332 
Wilt diseases, 27 
control methods, 62 
effect of nitrogen-potassium balance, 

50 

genetic resistance to, 54 
Wilt-mducing toxms, production by 
Fusanum lycopersici, m citro, 28 
Wiltmg, action of pectin methyl esterase, 
332 

from nematode infestation, 612 
process of, m Fusanum infected plants, 
331 

role of viscosity of tracheal sap, 336 
theories of, 324 
Wilt organisms, classes of, 27 
establishment in host, 333 
as facultative parasites, 28 
process of mfection, 324 
Wilt symptoms, cotton, effect of tem- 
perature, 284 

production by ethyl alcohol, 331 
m pathogenesis, 22, 283, 316 
Wmter crown rot, alfalfa, role of HCN, 
320, 321 

Witclies’-broom diseases, indole-3-acetic 
acid content, 344 

Wood rotting, cellulytic and lignoIytJc 
systems in, 206 

Wound parasites, penetration by, 211, 
280 

Wound pathogen, Ncctrla cinnabartrux as, 
337 

Wound tumor virus, leaf hoppers as 
vector of, 75 
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X 

Xanthates, as toxicants, 585 
Xanthine, antagonism of 2 heptadecyl 2- 
imidazohne, 525, 526, 563 
antagonism of 2 azaadenme, 106, 563 
Xanthomonas cUrt, on citrus 42, 57 
Xanthomonas hyacmthi, limited infec- 
tion, Hyacinthus orientalis, 278 
yellow disease of hyacinth, surface 
exudation, 119 

Xanthomonas juglandis, action of muta 
gens on, 410 

on walnut, surface exudation 120 
Xanthomonas malvacearum, see Bac 
tenum malvacearum 
Xanthomonas phaseolt, genetic trans 
formation of colony type m. 449 
genic control of pathogenicity, 449 
Xanthomonas phaseoU var fuscans, m 
duced resistance to antibiotic A 6, 
394, 895 

Xanthomonas prunt, on peach, effect of 
nitrogen on abscission, 50 
production of abscission mducing sub 
stances, 29 

Xanthomonas stewartu, bacteria! vascular 
wilt, 275 

Xanthomonas tasculorum, bacterial vas 
cular wilt, 275 

limited mfection, sugar cane, 278 
Xanthomonas vigntcola, induced resist 
ance to antibiotic A 6, 394 395 
Xtphtnema^ ectoparasitic nematode, 616 
X ray diffraction, m virus study, 73, 79 
X rays, effect on infectivity of tobacco 
mosaic virus, 469 
effect on mutation, Phytomonas 
stewartii, 410 

Xylans, deposition in walls of differ- 
enbated cells, 261 
Xylaria, penthecmm morphology, 148 
Xylarta mail, infection requirements o , 
282 

Xylem effect of vascular NViIt pathogens, 
27, 260, 275, 

t>*XyIose, in root exudates, 292 
Y 

Yeast, cell wall components, 513 


chemicals inhibiting cell division, 542 
effect of cobalt on growth habit, 543 
of cobalt pretreatment on action of 
captan, 555 
of uranium on, 519 
lysme biosynthesis pathway, 522 
penneabihty of cell walls, 513 
reduction of thiram, 535, 581 
toxicity of captan to, 589 

of N-n alkylethylenethioureas to, 
510 

uptake of N n-alkylethylenethioureas 

513 

\east extract effect on growth of micro 
organisms, 292 

Yeast preparations, effect of thiamine 
pyrophosphate, 526 

Yeasts, multiplication by buddmg, 125 
variants m cultures of, 387 

Yellow mosaic virus, m raspberry, move 
meat m plant, 34 


line, accumulauon by spores, 176, 509 
action in zone of inversion growth, 529 
effect on fusaric acid production, 
Fusarium spp 284, 325 
on growth habit m Ustilago sphaero 
gena, 543 

on tobacco mosaic virus concentra 
tion m leaves 96, 481 
on toxicity of 8 quinolinol, 567 
;inc chloride, effect on mosaic-infecled 

plants 481 

;,„c deficiency, host, effect on metabo- 
lism of pathogen, 248 

inc dimethyldithiocarbamate, relaUon ot 
toxicity and concentration, 529 
(ziram), structure of, 580 
inch, fungicide, effect on Clomerclla 
ctngulata, 570 
zinc salt of nabam. 582 

Uram. zinc dimethyldithiocarbamate, 

529, 580 , TOO 

ta.papl«. 

iwsporcs, formaUon of, 1-8 
r^uphlhora Uagarlae. 

face on cncfslmcnt b). -aO 
;jgom>cctc 5 . producuon of comia. 13- 



